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STUDIES ON CONDUCTING COMPOSITES OF 
POLYPYRROLE WITH INORGANIC 
NANOPARTICLES 
 
ABSTRACT 
            
Conducting polymer nanocomposites are the future materials for the emerging 
technologies as they possess a combination of unique properties of their constituents. 
The properties become more interesting when one of the components is in the 
nanorange. Due to the synergistic effect of the polymer and the nanofillers, the resulting 
materials are expected to display desirable properties with enhanced performance. 
 One of the most promising nanocomposites system would be hybrids based on 
organic polymer such as polypyrrole and nanoparticles e.g. TiO2, BN, Ag, SiC and 
ZrO2. These nanostructured particles combined with polypyrrole can give rise a variety 
of polymer nanocomposites of interesting properties such as physical, chemical, 
electrical, electrochemical and so on and thus may become the potential materials for 
newer and novel applications. Sufficient literature review has been done on the 
important aspects of these materials to get the idea of the work done in the field and 
formulate the plan work of this thesis. 
 In this context, the thesis entitled “Studies on Conducting Composites of 
Polypyrrole with Inorganic Nanoparticles” is formulated to explore spectroscopic 
characterization, DC electrical conductivity, electrochemical studies, LCR and sensing. 
The research work described in the thesis is divided into seven chapters.  
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Chapter one analytically reviews the existing literature discussing the discovery of 
electrically conducting polymers, their incredible progress and development for 
electrical and electronics.  
 In chapter two, binary doped polypyrrole (PPy) encapsulated Titania (TiO2) 
nanoparticles were prepared by oxidative polymerization using FeCl3 as oxidant in 
presence of camphorsulfonic acid (CSA) as surfactant. Both, FeCl3 (oxidant) and 
camphorsulfonic acid (surfactant) also act as dopant and hence thus prepared 
TiO2@PPy is termed as binary doped nanocomposite i.e. FeCl3 dopes polypyrrole by 
oxidation mechanism while camphorsulfonic acid dopes polypyrrole by protonic 
doping mechanism. The TiO2@PPy coreshell nanocomposites were characterized by 
Fourier transform infra-red spectroscopy, x-ray diffraction, thermogravimety, 
differential scanning calorimetry, field emission scanning electron microscopy and 
inductance-capacitance-resistance (LCR) measurements. The results indicated that the 
structural and electrical properties of the TiO2@PPy coreshell nanocomposites were 
significantly influenced by the extent of TiO2 nanoparticles loading of polypyrrole. The 
DC electrical conductivity of the as-prepared TiO2@PPy coreshell nanocomposites was 
higher than that of PPy. As-prepared TiO2@PPy coreshell nanocomposites were also 
studied for their dielectric losses for alternating current (AC) which is useful 
characteristic for their application in the fabrication of charge storing devices. 
TiO2@PPy coreshell nanocomposites showed synergistic effect of combining 
components in improving their alcohol sensing properties. This improvement may be 
attributed to the adsorption on and desorption from alcohols TiO2@PPy interface of the 
nanocomposites and alcohol vapors causing decrease in depletion region. The 
TiO2@PPy coreshell nanocomposites were observed to show better reproducibility of 
electrical conductivity and fast self-recovery during the alcohol vapor sensing process.  
 In chapter three, the binary doped PPy and PPy/BN nanocomposite have been 
synthesized by chemical oxidative in situ polymerization method by using FeCl3 as an 
oxidant in presence of camphorsulfonic acid (CSA). PPy/BN nanocomposite has also 
been synthesized by chemical oxidative in situ polymerization method by using FeCl3 
as an oxidant. The PPy/FeCl3/CSA, PPy/BN/FeCl3 and PPy/BN/FeCl3/CSA were 
characterized using Fourier transform infrared spectroscopy, x-ray diffraction, 
thermogravimetric analysis and field emission scanning electron microscopy. On the 
basis of these results, the well-organized structural nanocomposites were successfully 
prepared owing to the specific interactions between the PPy and the BN nanosheets. 
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Results indicated that the morphology and electrical properties of the nanocomposites 
were significantly influenced by the BN nanosheets loading and CSA. Transformation 
of non-conducting PPy/BN/FeCl3 into conducting PPy/BN/FeCl3/CSA was also 
observed. Addition of CSA caused significant increment in electrical conductivity due 
to binary doping of nanocomposites. The as-prepared PPy/FeCl3/CSA and 
PPy/BN/FeCl3/CSA nanocomposites were studied for the change in their electrical 
conductivity on exposure to liquefied petroleum gas (LPG) and ambient air at room 
temperature with the possible use as sensor for detection of LPG leaks. 
 Chapter four is devoted to the preparation of a nanocomposite of boron nitride 
(BN) and silver nanoparticles (Ag) enwrapped by polypyrrole (PPy) has been 
synthesized for first time via in situ chemical oxidative polymerization of pyrrole using 
ferric chloride. The structures of synthesized FeCl3 doped PPy, BN/Ag and 
PPy/Ag@BN nanocomposites were confirmed by fourier transform infrared 
spectroscopy, x-ray diffraction, thermogravimetric analysis, field emission scanning 
electron microscopy and transmittance electron microscopy technique. Our 
investigations showed that the electrical response of PPy/Ag@BN nanocomposite 
which contains a conductor (Ag), an insulator (BN) and a semiconductor (PPy), was 
greater than that of polypyrrole. The electrochemical supercapacitive performance 
shows that FeCl3 doped PPy had higher capacitance than PPy/Ag@BN which might be 
due to higher conductivity of PPy as PPy/Ag@BN showed poor conductivity due to the 
insulating nature of BN. The newly synthesized nanocomposite showed rapid CO2 
sensing and significantly improved DC electrical conductivity. 
 In chapter five, polypyrrole (PPy), polypyrrole/silicon carbide (PPy/SiC) and 
PPy/SiC/dodecylbenzenesulfonic acid (DBSA) nanocomposites synthesized 
successfully by in-situ chemical polymerization method and their application as sensor 
for detection of highly toxic chlorine gas. The as prepared PPy, PPy/SiC and 
PPy/SiC/DBSA nanocomposites were confirmed by fourier transform infrared 
spectroscopy, thermogravimetric analysis, x-ray diffraction and field emission electron 
microscopy. PPy/SiC/DBSA nanocomposite was found to possess higher DC (direct 
current) electrical conductivity as compared to that of PPy and PPy/SiC. Sensing 
response was determined on the basis of change in DC electrical conductivity. Response 
of PPy and both the nanocomposites was found to be highly sensitive and reversible to 
chlorine gas. This study seems to be promising as an effective approach towards the 
sensing technology for the detection of chlorine gas. 
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 In chapter six, polypyrrole (PPy) and polypyrrole/zirconia (PPy/ZrO2) 
nanocomposites synthesized successfully by in-situ chemical polymerization method 
and their application as sensor for detection of ethylene gas for the first time. The as 
prepared PPy and PPy/ZrO2 nanocomposites were characterized by fourier transform 
infrared spectroscopy, thermogravimetric analysis, x-ray diffraction and scanning 
electron microscopy. PPy/ZrO2-2 nanocomposite was found to possess higher DC 
(direct current) electrical conductivity as compared to that of PPy and other PPy/ZrO2 
nanocomposites. Sensing response was calculated on the basis of change in DC 
electrical conductivity. PPy/ZrO2-2 nanocomposite was found to be highly sensitive 
and reversible to ethylene gas. This study seems to be promising and an effective 
approach towards the future sensing technology for the detection of ethylene gas. 
 To end with, the findings from this study are summarized in chapter seven to 
conclude this thesis along with plan of future work. 
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1.1 General  
Polymers are generally good insulators. Research and development have demonstrated 
the possibility of obtaining polymers with almost all properties of metals, such as 
toughness, elasticity, frictional resistance and mechanical strength. However, polymers 
have so far remained unsuccessful in replacing metals in electrical and electronic 
applications. Therefore, an explosive research and development effort was carried out 
on synthesis, characterization, properties and applications of conducting polymers 
during last few decades.  
 
1.2 Conducting Polymers 
The term “conducting polymer” has been used for insulating polymers mixed with a 
critical proportion of conducting material such as metal fibers which provides the 
electronic conduction. The polymer matrix acts as a solid adhesive, keeps the 
conducting component together and provides mechanical strength, without any 
contribution in electrical conduction. This view of polymers was changed with the 
discovery of polyacetylene by Alan J. Heeger, Alan G. MacDiarmid and Hideki 
Shirakawa, polyacetylene can be made conductive almost like a metal on doping. For 
this discovery, the Royal Swedish Academy of Science awarded the Nobel Prize in 
Chemistry for the year 2000 to these three scientists. This has revolutionized the 
development efforts in the field of electrically conducting polymers.1 
 Conducting polymers have extended π-systems and are highly susceptible to 
chemical or electrochemical oxidation or reduction. Thus the electrical and optical 
properties of such polymers could precisely be altered by controlling carefully the 
process of oxidation and/or reduction. Since these reactions are often reversible, it is 
possible to systematically control the electrical and optical properties with a great deal 
of precision switching from a highly insulating state through semiconducting to the 
highly conducting state.2,3 Thus conducting polymers can be perceived as 
macromolecules having the fully conjugated sequence of bonds along the backbone 
which acquires a positive or negative charge by oxidation or reduction process. With 
the advent of many more discoveries in the field of conducting polymers, today we have 
a variety of polymers which have shown to exhibit electrical conductivity.  The 
structures and the electrical conductivities of some of the conducting polymers are 
given in Table. 1.1.  
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Conducting 
Polymer 
 
Structural 
Unit 
 
Typical Doping 
Process 
 
Typical 
Electrical 
Conductivity 
(Scm-1) 
Polyacetylene 
(PA) 
(
)n 
 
Electrochemical, 
Chemical 
(AsF5, I2, Li, K) 
 
500 – 1.5x105 
Polyparaphenylene 
(PPP) 
(
(
n 
 
Chemical 
(AsF5, Li, K) 
 
5x102 
Polyphenylene 
sulphide 
(PPS)  
 
Chemical 
(AsF5) 
 
1 
Polypyrrole 
(PPy) 
 
Electrochemical 6x102 
Polyaniline 
(Pani) ( N
H
(
n
 
Chemical, 
Electrochemical 
 
1-10 
 
Table-1.1 Structure and typical conductivity of conducting polymers. 
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 Nowadays, most of the researches about conducting polymers are focused on 
polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and poly(3,4-
ethylenedioxythiophene)  (PEDOT) as they possess relatively high conductivities and 
exhibit reasonable air  stabilities.  
 The conductivity of such polymers is the result of several processes. For 
example, in traditional insulating polymers such as polyethylene, the valence electrons 
are bound in sp3 hybridized covalent bonds. Such σ-bonding electrons have low 
mobility and do not contribute to the electrical conduction in the material. A conducting 
polymer on the other hand, have continuous sp2 hybridized carbon centers along its 
backbone and the electrons reside in the pz orbitals of sp2 hybridized carbon centers. 
The pz orbital containing the valence electrons is orthogonal to the three σ-bonds of the 
sp2 hybridized carbon centers. The electrons in these delocalized orbitals become highly 
mobile when the conjugated polymer is doped by an oxidant which removes some of 
these delocalized electrons. Thus the conjugated p-orbitals form a one-dimensional 
electronic band and the electrons within this band become mobile when it is partially 
emptied.  
 
1.3 Properties of conducting polymers  
The electrical conductivity of conducting polymers can thus increase several orders of 
magnitude from the insulating range. Since the conducting property originates from the 
inherent extended conjugated π-bond structure of these polymers, they are called as 
“intrinsically semi-conducting polymers”.4  
 
1.3.1 Charge storage and band structure 
An early explanation of the conduction mechanism is based on the band theory. A half-
filled valence band would be formed from a continuous delocalized π-system. However, 
it turns out that the polymer can more efficiently lower its energy by bond alteration 
with splitting of the band into a filled valence band and an empty conduction band 
(Figure-1.1).  The polymer is transformed into a conductor by doping with either an 
electron donator or an electron acceptor (Figure-1.2). This is similar to the doping of 
silicon either with arsenic (n-type) or boron (p-type). However, while the doping of 
silicon produces a donor energy level close to the conduction band or acceptor level 
close to the valence band, this is not the case for conducting polymers. The evidence 
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for this is low concentration of free spins as determined by electron spin spectroscopy. 
Initially the free spin concentration increases with the concentration of the dopant. At 
larger concentrations, however, the concentration of free spins passes through a 
maximum and then decreases. To understand this, it is necessary to examine the way in 
which charge is stored along the polymer chain and its effect.  
 The polymer may store charge in two ways. In an oxidation process it could 
either loose an electron from the valence band or it could localize the charge over a 
small section of the chain. Localizing the charge causes a local distortion due a change 
in geometry which costs the polymer some energy. However, the generation of this 
local geometry decreases the ionization energy of the polymer chain and increases its 
electron affinity making it more able to accommodate the newly formed charges. This 
method increases the energy of the polymer less than it would if the charge was 
delocalized and, hence, takes place in preference of charge delocalization.  
 A similar way occurs for a reductive process. Typical p-type dopant anions 
include AsF5-, BF4-, ClO4- etc. The doping of polypyrrole (PPy) proceeds in the 
following way. An electron is removed from the system of the backbone producing a 
free radical and a spinless positive charge.5 The radical and cation are coupled to each 
other via local resonance of the charge and the radical. A sequence of quinoid–like rings 
is used to describe the resonance structure of the radical cation. The distortion produced 
is of higher energy than the remaining portion of the chain. The creation and separation 
of these defects cost a considerable amount of energy. This limits the number of 
quinoid–like rings. In the case of PPy, it is believed that the lattice distortion extends 
over four pyrrole rings. This combination of a charge site and a radical is called a 
polaron. This could either be a radical cation or a radical anion. This creates a new 
localized electronic state in the gap with the lower energy state being occupied by a 
single unpaired electron. The polaron state of PPy is symmetrically located about 0.5 
eV from the band gap edge.  
 Upon further oxidation, the free radical is removed creating a new spinless 
defect called a bipolaron. This is of lower energy than the creation of two distinct 
polarons. At higher doping levels, it becomes possible that two polarons combine to 
form a bipolaron. Thus at higher doping levels, the polarons are replaced by bipolarons. 
The bipolarons are 
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Figure-1.1 Energy band diagrams of conductors. 
 
 
 
 
Figure-1.2 Energy band diagrams of semiconductors and insulators. 
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located symmetrically with a band gap 0.75 eV for PPy. This eventually, with continued 
doping, forms a continuous bipolaron band. Their band width increases as newly 
formed bipolarons are made at the expense of the distance to the band edges.  
 For a very heavily doped polymer, it is conceivable that the upper and the lower 
bipolaron band will merge with the conduction and the valence bands respectively to 
produce partially filled bands and induce metal–like electrical conductivity. The 
schematic of this process is shown in Figure-1.3.  
 
 
 
Figure.1.3 Band structures of polypyrrole for neutral, polaron and bipolaron states. 
 
1.3.2 Charge transport 
Although polarons and bipolarons are known to be the main source of charge carriers, 
the precise mechanism of the conductivity is not yet fully understood. The problem lies 
in attempting to trace the path of the charge carriers through the polymer. All of these 
polymers are highly disordered containing a mixture of crystalline and amorphous 
regions. It is necessary to consider the transport along and between the polymer chains 
and also the complex boundaries established by the multiple number of phases. This 
has been studied by examining the dependence of conductivity on doping, temperature, 
magnetism and the frequency of the current used. These tests show that a variety of 
conduction mechanisms are possible. The main step is the movement of charge carriers 
between highly conducting domains. Charge transfer between these conducting 
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domains can occur by thermally activated hopping or tunneling. This is consistent with 
the electrical conductivity being proportional to temperature. 
 
1.3.3 Stability  
There are two distinct types of stability. Extrinsic stability is related to vulnerability to 
external environmental agents such as oxygen, water, peroxides etc. However, many 
conducting polymers degrade over time even in dry and oxygen free environment. This 
intrinsic instability is thermodynamic in origin. It is likely to be caused by irreversible 
chemical reactions between charged sites of the polymer and either the dopant counter 
ion or the π-system of an adjacent neutral chain which produces an sp3 carbon leading 
to interruption in conjugation. Intrinsic instability can also come from a thermally 
driven mechanism which causes the polymer to lose its dopant. This happens when the 
charged sites become unstable due to conformational changes in the polymer backbone. 
This has been observed in some alkyl substituted polythiophene. 
 
1.3.4 Applications 
The conjugated polymers are highly sensitive to chemical and electrochemical 
oxidation or reduction. These processes change the electrical and optical properties of 
the conjugated polymers. By controlling the extent of oxidation and reduction, it is 
possible to control these properties. These reactions are often reversible so that it is 
possible to systematically control the electrical and optical properties with a great deal 
of precision. It is even possible to switch from an insulating form to conducting form. 
According to these behaviors, there are two main groups of applications for conducting 
polymers. The first group utilizes their conductivity as their main property while the 
second group utilizes their electroactivity. 
 The electrical conductivity based applications may include electrostatic 
materials,8 conducting adhesives,9 electromagnetic shielding,8 ink jet printed material,10 
antistatic clothing,11 piezoceramic,11 etc. while electroactivity based applications may 
include Active electronics (diodes, transistors),6,7 molecular electronics,12 rechargeable 
batteries and solid electrolyte,13 chemical, biochemical and thermal sensors,14 ion 
exchange membrane,15 electromechanical actuators,16 smart structures,17 etc. 
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1.4 Electrical Conductivity Measurements 
For the current to flow, an electric field is applied to impart kinetic energy to the 
electrons by promoting them to higher energy states. Electrical conductivity, in fact, 
depends upon density of available filled and empty states. The electrical 
conductivity (σ) of polymeric materials can be expressed as: 
 
     σ=
𝐽
𝐸
= 𝑛𝑒µ                                                                       [1] 
 
where j is current density under the influence of applied electric field (E), n is number 
of charge carriers, e is the elementary charge (1.6×10-19 C) and µ is the charge carrier 
mobility. 
 The electrical conductivity (Scm-1) is one of the inherent properties of materials 
that vary most widely from 10-20 Scm-1 for good electrical insulators to 107 Scm-1 typical 
of metals.18 Semiconductors have conductivities in the range 10-6 to 104 Scm-1.19 The 
DC electrical conductivity measurements of chemically synthesized polypyrrole were 
first carried out by French scientists20,21 using compressed pellet placed between two 
mercury conductors.  
 Later, van der Pauw’s four probe method was being used much more for 
monitoring the solid-state electrical conductivity of pressed pellets or films.22 In this 
method, current is passed through one pair of electrodes and voltage is recorded 
between another pair of electrodes. The van der Pauw’s technique takes into account 
the sample thickness (d) and thus it must be measured along with the current-voltage 
characteristics of the sample as shown in Figure-1.4.  
 
1.4.1 Four-in-line probe technique 
For electrical conductivity measurements, required amount of material was pelletized 
at room temperature with the help of a hydraulic pressure instrument at 37.5 KN applied 
for 10 min. In isothermal stability testing, the pellets were heated at 50, 70, 90, 110 and 
130°C in an air oven and the electrical conductivity was measured at an interval of 10 
minutes in the isothermal accelerated ageing conditions. While in cyclic ageing 
technique, conductivity measurements were taken 5 times at an interval of about 80 min 
within the temperature range from 40-150oC.  The DC electrical conductivity (σ) was 
calculated using the equation:  
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  σ =
[ln2(
2S
W
)]
[2πS(
V
I
)]
                                                                         [2] 
 
where I, V, W and S are the current (A), voltage (V), thickness of the pellet (cm) and 
probe spacing (cm) respectively , while σ is the DC electrical conductivity (Scm-1) 
Figure-1.5.23  
 
1.4.2 Two-probe technique 
A less sensitive two probe method is also used occasionally for electrically conducting 
measurements using pressed pellets placed between two terminals. By two probe 
method, conductivity (σ) can be measured as: 
 
                               R= ρt/A                                                                                            [3] 
                              or     ρ = RA/t                                                                                           [4] 
                                      σ = 1/ρ                                                                                              [5] 
 
where R is resistance (Ohm), A is the surface area (cm2), ρ is resistivity (Ohm cm), t is 
thickness (cm) and σ is the electrical conductivity (Scm-1) of the material. 
 The DC electrical conductivity of chemically or electrochemically synthesized 
PPy is dependent on a number of parameters such as: temperature,22 protonation/pH of 
the solution,23,24 humidity,25 counter ion,25 oxidation state,26 etc. Besides the 
temperature of synthesis, the pressure and duration of compression of PPy powder to 
form pellets27-29 also have a considerable influence on the electrical conductivity of 
PPy. It would also be important to mention that some common problems encountered 
while measuring conductivity are usually the degradation of physical form of the 
polypyrrole pellet or film by cracking, exfoliation and loss of electrical contact etc.22 
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Figure-1.4 Four-in–line probe instrument for measurement of DC electrical 
conductivity. 
 
                  
 
Figure-1.5 Circuit diagrams of: (a) four-in-line probe and (b) two probe 
measurements of DC electrical conductivity. 
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1.5 Polypyrrole  
Among the conducting polymers, polypyrrole (PPy) has attracted great attention 
because of its high electrical conductivity and good environmental stability. PPy has 
been considered as the key material to many potential applications such as electrodes 
for rechargeable batteries and super capacitors, solid electrolytes for capacitors, 
electromagnetic shielding materials, sensors, corrosion-protecting materials, actuators 
and electrochromic devices or membranes.  
 The heteroaromatic and extended π-conjugated backbone structure of PPy 
provides it with chemical stability and electrical conductivity. However, the π-
conjugated backbone structure is not sufficient to produce appreciable conductivity on 
its own. Partial charge extraction from PPy chain is also required and is achieved by a 
chemical or an electrochemical process referred to as doping. The conductivity of the 
neutral PPy can be remarkably changed from the insulating regime to the metallic one 
by doping. This is a very worthwhile feature for applications in which the electrical 
conductivity of a material must be controlled.  
 It has been reported that the electronic band structure of PPy can be changed 
with the doping level of the PPy chain.30,31 Neutral PPy, with the benzenoid structure 
shown in Figure-1.6a, is categorized as an insulator and its proposed electronic energy 
diagram is shown in Figure-1.6a. The band gap of neutral PPy is reported at 3.16 eV 
which is too wide for electrons to be transferred from the valence to the conduction 
band at room temperature.  
 The PPy chain is simultaneously doped during polymerization.32 Counter anions 
in the reaction medium are incorporated into the growing PPy chains to maintain the 
electrical neutrality of the polymer system. Upon extraction of a negative charge from 
a neutral segment of a PPy chain by the doping process, a local deformation to the 
quinoid structure occurs (Figure-1.6b), since it is favored energetically. In combination 
with the quinoid structure, the positive charge and the unpaired spin are referred to as 
a polaron (Figure-1.6b). Referring to Figure-1.6b, the formation of a polaron induces 
two new intermediate states (bonding and anti-bonding) within the band gap while the 
unpaired electron occupies the bonding (low energy) state, thus giving the polaron a 
spin of 1/2.   
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Figure-1.6 Schematic electronic energy diagrams for: (a) neutral PPy, (b) polaron 
dominated PPy, (c) bipolaron dominated PPy and (d) fully doped PPy. 
 
 As oxidation continues further, another electron has removed from a PPy chain 
that already contains a polaron, resulting in the formation of a bipolaron which is 
energetically preferred to the formation of two polarons. A bipolaron is known to 
extend over about four pyrrole rings (Figure-1.6c). The bipolaron states lie further from 
the band edges (Figure-1.6c). The lower energy state of the bipolaron is empty; thus, 
the species has a zero spin. As the degree of oxidation increases, the bipolaronic energy 
states overlap, resulting in the formation of narrow intermediate band structures. The 
energy diagram shown in Figure-1.6d corresponds to a doped state of about 33-mol% 
which is close to the maximum value found in electrochemically oxidized PPy.  
 The typical doping level of PPy is in the range of 20 to 40 mol%. At this doping 
level, bipolarons are predominant in PPy with few polarons and thus the charge carriers 
in the conducting PPy have zero-spin number. The electrical conductivity of a material 
is proportional to the product of the concentration of charge carriers and their mobility. 
Even though the number of charge carriers in fully doped conducting polymers, 
including PPy, is in the range of 1021 to 1023 per cubic centimeter which is four to five 
orders of magnitudes higher than that of inorganic semiconductors, the electrical 
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conductivities of most conducting polymers are in the range of inorganic 
semiconductors due to low mobility of charge carriers in conducting polymers. This is 
because of poor crystallinity of conducting polymers. Therefore, the electrical 
conductivity of conducting polymers, including PPy can be improved by improving the 
mobility of charge carriers. One of the approach may be the enhancement of 
crystallinity while other that may be experimented formation of composites with 
crystalline inorganic nanoparticles.  
 The overall mobility of charge carriers in conducting polymers depends on two 
components; intrachain mobility which corresponds to charge transfer along the 
polymer chain and interchain mobility which involves the hopping or tunneling of the 
charge from a chain to neighboring chains.33  
 When an electric field is applied to conducting PPy, the charge carriers 
(polarons and bipolarons) necessarily begin to move along the PPy chain by the 
rearrangement of double and single bonds in the PPy backbone as the interchain charge 
transport requires considerably more energy than intrachain conduction.33  
 When the charge carriers reach any defect point in the chain or at the end of the 
PPy chain, the carriers have to hop to neighboring chains. Therefore, the total electrical 
conductivity of conducting PPy is dominated by the combination of intrachain and 
interchain components. Interchain mobility of carriers in conducting polymers 
including PPy is strongly dependent upon the structural order. A high degree of 
structural order is usually achieved in the crystalline region in a conducting polymer 
which can be produced by mechanical stretching.  
 Nogami et al.34 found a partial crystalline structure in the stretched films of PPy 
doped with hexafluorophosphate. The PPy film showed an extremely high electrical 
conductivity of 2×103 Scm-1 in the direction parallel to the stretch direction. However, 
when PPy was synthesized using other dopants, no crystalline structure was found, 
which indicates that the nature of the counter anion considerably influences the 
structural arrangement of PPy chains.  
 
1.5.1 Polymerization of pyrrole 
There are several methods unearthed so far which are in continuous progress for the 
synthesis of polypyrrole. Among them, the two most common techniques are: (a) 
chemical oxidation of pyrrole and (b) electrochemical polymerization where pyrrole 
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monomers are electrochemically polymerized on the surface of the anode of the 
electrochemical cell. Moreover, other conventional methods such as enzyme-catalyzed 
polymerization35 and photo chemically-induced polymerization are also employed to 
some extent.36 
 Different methods were employed to synthesize polypyrrole produce somewhat 
different products which differ in their nature and properties but in close similarity as 
regards to their preparation mechanism. Whether polypyrrole (PPy) is synthesized 
electrochemically or chemically, polymerization process proceeds via radical cation 
formation in both the cases. This radical cation then reacts with a second radical cation 
to give a dimer by eliminating two protons. At the potential applied to oxidize the 
monomer, the dimer or higher oligomer would also be oxidized and thus could react 
further with the radical cation of the monomer to build up the pyrrole chain. 
Polymerization steps of pyrrole into polypyrrole are shown in Figure-1.7.37  
 In the forthcoming sections, emphasis will be given to the chemical and the 
electrochemical polymerization methods. 
 
 
 
Figure-1.7 Stepwise formation of polypyrrole. 
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1.5.2 Chemical synthesis of polypyrrole 
Classically, chemical synthesis involves the direct oxidation of pyrrole monomer by 
various oxidizing agents. Polypyrrole can be obtained by mixing pyrrole monomer with 
a strong oxidant in an acidic environment.38 Ferric chloride is the most commonly used 
oxidant. However, using FeCl3 creates somewhat harsh synthetic condition due to its 
strong oxidizing nature. Therefore, more environmentally benign synthesis methods 
that involve the use of a relatively mild oxidant such as hydrogen peroxide with some 
catalyst instead of FeCl3 have been reported.39 Depending on the growth condition, 
chemical synthesis can yield various shapes and forms of polypyrrole nanostructures 
such as irregularly shaped agglomerates,40 granular particles and elongated 
nanofibers.41  
 
1.5.3 Electrochemical synthesis 
Polypyrrole can be synthesized by anodic oxidation of pyrrole monomer on an inert 
electrode.42 One of the key advantages of the electrochemical method is that the 
technique allows direct deposition of polypyrrole nanostructures onto metal electrodes 
in a simple and cost effective way which ensures good Ohmic contact between the 
electrode and the polymer. Electropolymerization process of polypyrrole can be 
categorized as: potentiostatic, galvanostatic and potentiodynamic growth techniques. 
 
1.6 Nanomaterials 
Nanomaterials are fundamental ingredient of nanostructure science and 
nanotechnology which is a broad and interdisciplinary area of research and 
development activities that has been growing explosively worldwide in the past few 
years. It has the potential for revolutionizing the ways in which materials and products 
are created and the range and nature of functionalities that can be accessed. It is already 
having a significant commercial impact which will assuredly increase in the future.  
 Nanotechnology is an important field of modern research dealing with design, 
synthesis and manipulation of particles structure ranging from approximately 1-100 nm. 
Tremendous growth in this emerging technology has opened novel fundamental and 
applied frontiers including the synthesis of nanoscale materials and exploration and/or 
utilization of their exotic physicochemical and optoelectronic properties. 
Nanotechnology is rapidly gaining importance in a number of areas such as health care, 
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cosmetics, food and feed, environmental health, mechanics, optics, biomedical 
sciences, chemical industries, electronics, space industries, drug-gene delivery, energy 
science, optoelectronics, catalysis, reprography, single electron transistors, light 
emitters, nonlinear optical devices and photo-electrochemical applications.43-48 
 
1.6.1 Titanium dioxide 
Titanium (IV) oxide is also known as Titania. It is the naturally occurring oxide of 
titanium of chemical formula TiO2. It occurs in three polymorphic forms viz. brookite, 
rutile, and anatase (Figure-1.8). Brookite is a very common white colored pigment 
utilized in various industries. Rutile and anatase are produced commercially in large 
quantities for the use as pigment, catalyst and in the production of ceramic and 
electronic materials. Due to its high refractive index, durability, dispersion and tinting 
strength, chemical inertness and non-toxicity, TiO2 is widely used in welding-rod 
coatings, specific paints, inks, acid-resistant vitreous enamels etc. Below a certain 
critical size, TiO2 clusters can absorb the energy of ultraviolet radiations, thus, they are 
also used in protection against external irradiations and sunlight. For example, the water 
resistant sun blocks in sun creams reflects, absorbs, scatters light and thus prevent skin 
irritation.  
 
 
Figure-1.8 Types of titania: (a) rutile, (b) anatase and (c) brookite. 
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 In plastic industry, TiO2 is incorporated in the fat-containing food packaging to 
protect food from UV radiations. It is also utilized in the production of anti-static 
plastics as well as electrically conducting materials. Further, the adsorbed organic 
compounds on the surface of TiO2 clusters can be decomposed by oxidation by the free 
radicals produced by irradiation, therefore, TiO2 is a well-known photocatalyst.49 
Anatase TiO2 has high potential for application in diverse areas of environmental 
purification such as purification of water and air due to its unique properties. 
 TiO2 nanoparticle shows high dielectric constant and it changes with doping by 
transition and rare earth metals.50-58 TiO2 also shows high gas sensitivity on doping with 
some noble metals.59,60 TiO2 nanoparticles powder and thin films with specific crystal 
structure, orientation or morphology exhibit specific characteristics which makes it 
important to control the phase of TiO2 nano powder and films during the synthesis 
process. Many synthesis processes are available to make TiO2 nano powders and thin 
films such as precipitation, solid state reaction, sol gel etc. are generally used to produce 
TiO2 nano-powder. Sol gel spin coating, thermal evaporation, e-beam evaporation, 
chemical vapor deposition (CVD), pulse laser deposition (PLD), sputtering techniques 
etc. are used to fabricate TiO2 films. Among these methods, the e-beam is generally 
used for growing oxide films because it allows the control over the stoichiometry of the 
synthesized materials.  
 In recent years, applications of TiO2 nano-powder to environmental cleanup 
have been one of the most active areas in heterogeneous photocatalysis. This is inspired 
by the potential application of TiO2 based photo-catalysts for the destruction of organic 
compounds in polluted air and wastewater.61   
 
1.6.2 Boron nitride nanosheets 
Boron nitride (BN) is a synthetic binary compound located between III and V group 
elements in the Periodic Table. However, its properties, in terms of polymorphism and 
mechanical characteristics, are rather close to those of carbon compared with other III-
V compounds such as gallium nitride. BN crystallizes into a layered or a tetrahedrally 
linked structure like those of graphite and diamond respectively depending on the 
conditions of its preparation especially the pressure applied. Such correspondence 
between BN and carbon readily can be understood from their isoelectronic 
structures.62,63 In contrast to graphite, layered BN is a transparent material and is an 
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insulator. This material has attracted great interest because it exists in various 
polymorphic forms exhibiting very different properties like carbon. However, these 
forms do not correspond strictly to those of carbon.  
 Crystallographically, BN is classified into four polymorphic forms: hexagonal 
BN (h-BN) (Figure-1.9); rhombohedral BN (r-BN); cubic BN (c-BN); and wurtzite BN 
(w-BN). BN does not occur in nature. h-BN and r-BN are formed under ambient 
pressure. c-BN is synthesized from h-BN under high pressure at high temperature while 
w-BN is prepared from h-BN under high pressure at room temperature.62 Each BN layer 
consists of stacks of hexagonal plate-like units of boron and nitrogen atoms linked by 
sp2 hybridized orbits and held together mainly by Van der Waals force.  
 The hexagonal polymorph has two-layered repeating units that differ from those 
in graphite as shown in Figure 1.9(a). Within the layers of h-BN, there is coincidence 
between the similar phases of the hexagons although the boron and nitrogen atoms are 
alternatively located along the c-axis. Reflecting its weak interlayer bond, the h-BN can 
be cleaved easily along its layers and, hence, it is widely used as a lubricant material. 
The material is stable upto the temperature as high as 2300ºC before decomposition63 
and does not fuse in nitrogen atmosphere and, thus, it is applicable as a refractory 
material. Besides having properties similar to those of graphite, the material is 
transparent and acts as a good electrical insulator (resistivity ~106 Ωm) especially at 
high temperatures (1000ºC).62 
The rhombohedral system consists of three-layered units whose honeycomb layers are 
arranged in a shifted phase like as those of graphite. c-BN and w-BN are tetrahedrally 
linked BN. The former has a cubic sphalerite-type structure and the latter has a 
hexagonal wurtzite-type structure. c-BN is the next to the hardest known material, 
diamond, therefore it is known as white diamond. It is used mainly for grinding and 
cutting of industrial ferrous materials because it does not react with molten iron, nickel 
and related alloys whereas diamond does. Its thermal conductivity is also slightly lower 
than that of diamond, a material with highest thermal conductivity.62 
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Figure-1.9 Crystal structures of: (a) graphite and (b) hexagonal boron nitride.62 
 
1.6.3 Silicon carbide 
According to Srinivasan and Rafaniello64 in 1997, silicon carbide (SiC) is the leader 
among the various non-oxide ceramics that have commercial applications. The 
properties of SiC such as good strength and Young’s modulus as a function of 
temperature, relatively low weight (or high strength to weight ratio), corrosion 
resistance, erosion resistance etc. make it an attractive engineering material. The raw 
materials used to make SiC are also relatively inexpensive, thus, providing further 
incentive for its commercialization. Therefore, the final products can be cost-
competitive besides offering a technical performance advantage if economical 
manufacturing operations can be achieved.  
 SiC has a close-packed structure with more than a 100 polytypes.65 All SiC 
polytypes consist of 50% carbon atoms covalently bonded with 50% silicon atoms so 
that each tetrahedral silicon (Si) atom has exactly four neighboring carbon (C) atoms 
and vice-versa. The different polytypes of SiC are actually composed of different 
stacking sequences of Si-C bilayers (also called Si-C double layers) where each single 
Si-C bilayer can simplistically be viewed as a planar sheet of silicon atoms coupled 
with a planar sheet of carbon atoms. The plane formed by a bilayer sheet of Si and C 
atoms is known as the basal plane while the direction defined normal to the basal plane 
is called the stacking direction (Figure-1.10). Using Ramsdell notation, the most 
common stacking arrangements are the 3C (cubic or β phase), 4H, 6H, 15R, and 27R.64 
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Figure-1.10 Representation of silicon carbide showing tetrahedral C atom attached 
with four Si atoms and tetrahedral Si atom attached with four C atoms.64 
 
 The electrical properties of SiC nanostructures could be much better than those 
of bulk or thin film because of their one-dimensional nature.66-68 Nanostructures are 
nanometer size structures that consist of nanotubes, nanowires or nanorods. Nanotubes 
are hollow wire looking-like structures whereas nanorods and nanowires are rather 
plain solid wire looking-like structures. Even though nanostructures can appear to be 
remarkable building blocks for device fabrication and implementation,67 very little 
research has been conducted on the electrical transport properties of SiC nanostructures. 
One group, Zhou et al.66,67 was able to report on the higher current and larger carrier 
mobility for a SiC nanowire-based field effect transistor (FET) at elevated temperature. 
Another group, Seong et al.67 suggested that the low resistivity and the very low 
electron mobility of SiC nanowires could be attributed to their one-dimensionality 
carrier confinement, enhanced scattering in the nanoscale diameter of the SiC nanowire 
and/or the poor quality SiC nanowire-gate oxide interface. 
 
1.6.4 Silver nanoparticles 
Silver nanoparticles are of interest because of the unique properties such as size and 
shape dependent optical, electrical and magnetic properties which can be utilized in 
antimicrobial applications, biosensor materials, composite fibers, cryogenic 
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superconducting materials, cosmetic products and electronic components. An 
increasingly common application is the use of silver nanoparticles for antimicrobial 
coatings.69-76 Many textiles, keyboards, wound dressings and biomedical devices now 
contain silver nanoparticles that continuously release a low level of silver ions to 
provide protection against bacteria.77 There is growing interest in utilizing the optical 
properties of silver nanoparticles as the functional component in various products and 
sensors.  
 Silver nanoparticles are extraordinarily efficient at absorbing and scattering 
light and unlike many dyes and pigments have a color that depends upon the size and 
the shape of the nanoparticles. The strong interaction of the silver nanoparticles with 
light occurs because the conduction electrons on the metal surface undergo a collective 
oscillation when excited by light at specific wavelengths.78  
 
1.7 Polypyrrole Composites with Nano inorganics 
Recently, demand of composites of polypyrrole with metal oxides as well as ceramic 
materials has exponentially increased. The resulting composite materials possess 
combination of each individual’s characteristics with enhancement in required 
properties due to the synergism between the constituents. When one of the components 
is polypyrrole and the infusing materials are in the nano range then thus prepared 
composite materials are termed as “Polypyrrole Nanocomposites”. Classically, they are 
also synthesized via same method as discussed earlier for the preparation of polypyrrole 
but with additional supplementation of nanoparticles.  
 Out of several polypyrrole (PPy) nanocomposites, the interest of researchers in 
PPy combined with metallic oxides/ceramic material (BN/SiC) could possibly be linked 
to the numerous applications that exist for the electronic conducting polymers. Pyrrole 
also combines with them very easily resulting into an economical and very stable 
material with improved properties. On the other hand, the nanocomposites of 
polypyrrole with these inorganic semiconducting nanomaterials show the improved 
mechanical, electrical, electrochemical and thermal properties due to the synergistic 
effects of both the combining components. In particular, PPy/metal oxides 
nanocomposites display applications on a large scale for various electrochemical, 
electrorheological and in the electronic fields such as batteries, sensors, controlling 
systems and organic displays. 
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 1.7.1 Nanocomposites of polypyrrole (PPy) with titanium dioxide (TiO2) 
TiO2 is normally transparent in the visible light region and its optical sensitivity and 
activity can be altered by doping or sensitization. TiO2 is an attractive material due to 
its low cost, chemical stability, optical, electronic and UV-absorbing properties. 
 Devasish et al.79 reported in 2005 a new method of generation of TiO2 
nanoparticles (NPs) incorporated thin films of polypyrrole (PPy) at the air-water 
interface. The results showed that the TiO2-containing PPy films when transferred onto 
glass substrates were able to photo catalyze the decomposition of aqueous organic dyes: 
methyl orange and methylene blue. Further, these films could also photo catalyze the 
oxidation of iodide to triiodide ions in aqueous potassium iodide solution. They also 
found that the PPy-TiO2 nanocomposite films catalyze the reactions in the presence of 
light more efficiently than a suspension of TiO2 nanoparticles. 
 In 2006, Ximin et al.80 synthesized electrochemical actuator based on 
monolithic polypyrrole/TiO2 nanoparticle composite film via direct oxidation of 
pyrrole successively in an electrolyte with or without TiO2 nanoparticles. The results 
showed that the actuator fabricated from this monolithic PPy film bends uniformly in 
two directions with a maximum bending angle larger than 90° and has a high response 
rate (∼115◦s−1 at 1.0V versus SCE) and a long lifetime (>20,000 cycles) in aqueous 
solution of 1M LiClO4. The high performance of this actuator resulted from the non-
delamination and intrinsic asymmetric structure and the high conductivity of PPy film. 
 In 2007, Guey et al.81 reported that humidity sensors were fabricated through in 
situ photopolymerization of pure polypyrrole (PPy) and TiO2 nanoparticles/polypyrrole 
composite thin films on an alumina substrate. PPy/TiO2 nanocomposite showed highest 
sensitivity, smaller hysteresis and best linearity. They also investigated effects of 
applied frequency, ambient temperature, response and recovery time and long-term 
stability. 
 In 2008, Desong et al.82 synthesized PPy/TiO2 nanocomposite via in situ 
polymerization and showed photocatalytic activities of methyl orange aqueous solution 
under sunlight. PPy/TiO2 nanocomposites showed better photocatalytic activity than 
that of neat TiO2 nanoparticles which is partly attributed to the sensitizing effect of 
polypyrrole. 
 In 2009, Tarek et al.83 modified titanium dioxide with Pt–polypyrrole 
nanocomposites through the in situ simultaneous reduction of Pt(IV) and the oxidative 
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polymerization of pyrrole monomers at ambient temperature. They also investigated a 
synergistic effect between Pt nanoparticles and polypyrrole leading to a better 
separation of the charge carriers and explained the enhanced reactivity of the newly 
synthesized photocatalyst. 
 In 2010, Meifang et al.84 synthesized hybrid composites of conducting 
polypyrrole nanotubes with TiO2 nanoparticles in the presence of β-
naphthalenesulfonic acid by chemical oxidative polymerization. The results showed 
that the PPy/TiO2 composite showed more electrical conductivity increase by an order 
of magnitude when the concentration of TiO2 was 0.1 M compared with pure PPy 
nanotubes. AC conductivity of the composites showed the similar trend with the TiO2 
content and obeyed the power law index in the 101–107 Hz range. They have also 
investigated the electrorheological properties of the composite under steady and 
oscillatory shear. 
 In 2011, Suying et al.85 have prepared polypyrrole/titania (PPy/TiO2) 
nanocomposites by an in situ oxidative polymerization method with two different 
oxidants, namely ammonium persulfate (APS) and ferric chloride. They investigated 
the effect of oxidant type and TiO2 particle loading level on the physiochemical 
properties of the PPy/TiO2 nanocomposites. They also observed the nanocomposites 
prepared by APS oxidation exhibited lower electrical conductivity at room temperature 
than that of the PPy nanocomposites from FeCl3 oxidation polymerization. Both the 
nanocomposites and pure PPy followed the three-dimensional variable range hopping 
(VRH) electron conduction mechanism. 
 In 2012, Mirzaagha et al.86 reported one step in situ polymerization of 
conducting polypyrrole/TiO2 nanocomposites and investigated their physical 
properties. They observed that the electrical conductivity of nanocomposites at low 
TiO2 content is much higher than that of pure PPy while the electrical conductivity 
shows an orderly decrease with the increased content of TiO2. 
 In 2013, Yucheng et al.87 successfully synthesized polypyrrole (PPy)-decorated 
Ag-TiO2 nanofibers (PPy-Ag-TiO2) with core−shell structure using an electro-spinning 
technique followed by a surfactant-directed in situ chemical polymerization method. 
They observed that a PPy layer was formed on the surface of Ag-TiO2 nanofibers which 
was beneficial for protecting Ag nanoparticles from being oxidized. They also 
investigated the PPy-Ag-TiO2 system exhibits remarkable light absorption in the visible 
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region and high photocurrent. Among them, the 1%-PPy-Ag-TiO2 sample showed the 
highest photo-activity which far exceeds that of the single and two-component systems. 
They suggested that this result may be due to the synergistic effect of Ag, PPy and TiO2 
nanostructures in the ternary system. 
 In 2014, Meenakshi et al.88 synthesized PPy/TiO2 nanocomposite via in situ 
polymerization. They investigated the photocatalytic activity of the materials by 
monitoring the decolorization of acid violet dye under UV irradiation and PPy/TiO2 
nanocomposite was found to possess higher photocatalytic activity than pure TiO2. 
 In 2015, Ericleiton et al.89 synthesized PPy/TiO2 composite by fractal growth 
of polypyrrole in the presence of titanium dioxide nanoparticles. The result showed 
absorption of photons in the visible region and low rate of electron–hole recombination 
with adequate generation of radicals for subsequent N-de-ethylation of rhodamine B 
represent important aspects which corroborate potential application of new composite 
as efficient photocatalyst. 
 
1.7.2 Nanocomposites of polypyrrole with boron nitride 
Boron nitride (BN) is an insulator material with an estimated band gap of ~6.2 eV 
depending upon its crystal structure (hexagonal, cubic or amorphous) and the 
preparation methods. To the best of our knowledge, for the first time, it was Li Song90 
who made use of BN nanoparticles to blend with polypyrrole and reported the 
preparation of a PPy/BN nanocomposite. It was observed that the thermal stability of 
PPy/BN nanocomposite was higher than that of pure polypyrrole. 
 
1.7.3 Nanocomposite of polypyrrole with boron nitride decorated with silver 
nanoparticles 
In the present work, we report first time a nanocomposite of boron nitride and silver 
nanoparticles enwrapped with polypyrrole has been synthesized via in situ chemical 
oxidative polymerization of pyrrole by ferric chloride. Incorporation of boron 
nitride/silver nanoparticles (BN/Ag) into polypyrrole and thus prepared nanocomposite 
(BN/Ag@PPy) showed significantly improved DC electrical conductivity. The 
structures of synthesized polypyrrole (PPy) and BN/Ag@PPy nanocomposites were 
confirmed by Fourier transform infrared spectroscopy, x-ray diffraction, 
thermogravimetric analysis, field emission scanning electron microscopy and 
Chapter 1 
 
25 
 
transmittance electron microscopy technique. Our investigations showed that the 
electrical response of BN/Ag@PPy nanocomposite containing a metallic conductor 
(Ag), an inorganic insulator (BN) and an organic semiconductor (PPy) was higher than 
that of polypyrrole.  
 That is why BN based polypyrrole nanocomposites ensure their potential 
applications in super capacitors, sensing platforms, solar cells, lithium ion batteries etc. 
Finally, the credit for these impending applications goes to their so much improved 
electrical conductivity, excellent thermoelectric properties, long-term electrochemical 
stability and high specific capacitance. 
 
1.7.4 Nanocomposites of polypyrrole with silicon carbide 
Silicon carbide (SiC) is chosen in this project due to its wide and tunable band gap, 
favorable for high-temperature, high-frequency, chemical resistance and high hardness 
required applications.  
 In 2005, Maria et al.91 reported first time nanocomposite of polypyrrole/silicon 
carbide. They prepared SiC/PPy composites by chemical oxidative polymerization of 
pyrrole in the presence of SiC particles dispersed in water and FeCl3 was chosen as the 
oxidant. Their study suggests that SiC/polypyrrole composites (with at least a 
polypyrrole mass loading of 10–12 wt.%) have potential use as ﬁllers for modifying the 
conductive and anti-abrasion properties of conventional insulating polymer matrices 
such as polyethylene and polypropylene. 
 In 2007, Matej et al.92 synthesized Silicon Carbide/Polypyrrole composites 
containing an anionic surfactant dodecylbenzenesulfonic acid (DBSA) by chemical 
oxidative polymerization. They concluded that the anionic surfactants constitute 
important building blocks of novel PPy composites with a controlled surface chemistry 
and electrical conductivity. 
 In 2010, Pallavi et al.93 reported the polypyrrole/silicon carbide nanocomposites 
with tunable electrical conductivity. They fabricated conductive polypyrrole/silicon 
carbide nanocomposites via a facile oxidative polymerization approach using p-toluene 
sulfonic acid as a dopant and ammonium persulfate as an oxidant. They observed the 
ability to tune the electrical conductivity of the polypyrrole nanocomposites achieved 
by varying the particle loadings. They also observed the ratio of the oxidant to the 
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monomer found to have a signiﬁcant effect on the electrical conductivity of the polymer 
nanocomposites. 
 In 2015, Sacchidanand et al.94 synthesized polypyrrole/silicon carbide 
nanocomposite via in situ polymerization and observed the effect of 
dodecylbenzenesulfonic acid (DBSA) on structural, morphological, electrical and 
optical properties. They were also observed that the conductivity of polypyrrole 
composite increases with increasing weight percent of SiC as well as molar 
concentration of DBSA and I-V analysis gives linear pitch curve. The results suggest 
that the PPY/SiC prepared in the presence of DBSA has Ohmic conducting property 
and better thermal stability. 
 
1.7.5 Nanocomposites of polypyrrole with zirconium dioxide (ZrO2) 
Zirconia (ZrO2), one of the important wide band gap semiconductor, has extensively 
been studied due to wide range of potential applications as catalysts, sensors, fuel cells 
and gate dielectrics. Zirconia exists in different crystalline phases such as monoclinic, 
tetragonal, and cubic at elevated temperatures. Doping with lower valence cations at Zr 
sites can stabilize the high temperature phases. Oxygen vacancies are created due to the 
presence of the aliovalent cations within Zr lattice. In 1996, Bhattaeharya et al.95 first 
time reported nanocomposite of polypyrrole/zirconium dioxide. They observed that 
polypyrrole/zirconium dioxide nanocomposite showed higher electrical conductivity 
than pure polypyrrole. 
 In 2004, Amitabha et al.96 synthesized polypyrrole/zirconium dioxide 
nanocomposite via in situ polymerization. They done heavy ion 16O beam for 5 h 
irradiation on conducting polypyrrole and polypyrrole/ ZrO2 nanocomposites. After 
irradiation, it was found that in case of PPy/ZrO2 nanocomposite samples, electrical 
conductivity decreased to very small extent, while in case of pure PPy samples 
conductivity decreased drastically (from 4.7 to 2 × 10−5 Scm-1) with 16O beam. 
 They concluded that electrical conductivity of the nanocomposites are very little 
affected by irradiation with heavy ions but the conductivity of the pure polypyrrole is 
much more susceptible to heavy ion irradiation. 
 In 2007, Ashis et al.97 synthesized zirconia nanoparticles by a novel two-reverse 
emulsion technique and combined with polypyrrole (PPy) to form ZrO2/PPy 
nanocomposites. They investigated complex impedance and dielectric permittivity of 
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ZrO2/PPy nanocomposite as a function of frequency and temperature for different 
compositions. 
 In 2012, Madhan et al.98 prepared conductive polypyrrole/zirconia (PPy/ZrO2) 
composites by in-situ polymerization of pyrrole in the presence of ZrO2 nanoparticles. 
The results showed that the nanocomposite coatings exhibit superior biocompatibility 
and the enhanced corrosion protection performance over 316L SS due to their 
hydrophilic, smooth, compact and less porous surface morphology than that of pure 
polypyrrole coatings. They concluded that the PPy/ZrO2 nanocomposite coating has 
better biocompatibility and enhanced corrosion resistance which make it a potential 
candidate as a coating material for 316L SS bioimplants. 
 In 2015, Lei et al.99 synthesized polypyrrole modified ZrO2 composite via in 
situ polymerization method and used as catalyst support in selective hydrogenation of 
cinnamaldehyde. 
 They have also prepared Ru based bimetallic catalysts supported on ZrO2 and 
PPy/ZrO2 by impregnation method. The results showed that the catalysts supported on 
PPy/ZrO2 show a higher activity than that supported on ZrO2 under the same conditions. 
Besides, catalysts in micro emulsion medium showed a higher activity in the term of 
conversion and cinnamyl alcohol selectively as compared with ethanol medium.  
 
1.8 Electrical Conductivity and Sensing  
Inestimable research papers have already been published by various schools of research 
describing different aspects of polypyrrole i.e. covering from synthetic routes and 
structures to the study of their mechanical, electrical and magnetic properties. Herein, 
we are specific in reviewing their electrical properties that how they have paved the 
way to get maturation in their long journey of almost 36 years? Electrosensing 
developments using nanomaterials are also summarized in more detail and we also 
speculate on their future and discuss potential progress for their applications in 
electroanalytical chemistry. 
 
1.9 Concluding Remarks 
In summary, sustained research on polypyrrole and their nanocomposites has enthralled 
the work interest due to its surprising acid doping chemistry especially when combined 
either with metallic oxides or ceramic materials. This synergistic combination greatly 
Chapter 1 
 
28 
 
improves the performance of as-prepared nanocomposites. As a consequence, such PPy 
nanocomposites can widely be employed in various applications. To date, various 
preparation methods have been developed to synthesize nanoparticles loaded PPy 
nanocomposites such as: in-situ chemical oxidative polymerization, in-situ 
electropolymerization, interfacial polymerization, solution mixing, self-assembly and 
so on.  
 In fact, the properties of PPy and their nanocomposites are highly governed 
by their preparation method and thus morphologies. In addition, non-stop progress has 
been made on the understanding of the mechanisms of electronic conduction and 
various theories have been proposed so far. Step-wise mechanistic understanding of 
pyrrole polymerization has also great enthusiasm but the major drawback is the lack of 
experimental confirmation. It is still a challenge to develop new methods to realize the 
mechanisms.  
 Among various nanofillers studies so far, SiC and BN/Ag based PPy 
nanocomposites have shown better electrical, mechanical, magnetic, thermal properties 
etc. This enhancement can be ascribed to the large specific surface area and unique 
properties of SiC and BN along with electrocatalytic activity of PPy as well as their 
cooperative effects. Much attention has been focused on the enhanced electrical and 
electrochemical properties, but there are few reports on mechanical, optical or other 
properties. The electrical and electrochemical properties of BN/Ag based PPy 
nanocomposites could further be improved by optimizing the methods of preparation 
to obtain ordered structures. With these enhanced properties, SiC materials-based PPy 
nanocomposites are widely employed in applications such as supercapacitors, sensing 
platforms, electrochromic devices, lithium ion batteries, photocatalysis, anticorrosion 
coatings and so on.  
 However, they suffer from problems regarding solubility and limited energy 
density. More attention to overcome these problems is still needed. A potential 
alternative is functionalization of PPy and their nanocomposites to furnish them with 
desired characteristics which are rarely reported at present. Therefore, greater efforts 
should be made to improve the performance of PPy nanocomposites, enlarge their 
applications and realize commercialization in the near future. 
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1.10 Objectives of the Research  
The present work was concentrated on in-situ preparation of conducting polypyrrole 
nanocomposites in order to improve the electrical and electronic properties besides 
overcoming the problems faced due to poor processibility of polypyrrole. Among the 
variety of property improving nanoscale materials, we have tried to make use of 
inorganic nanoparticles such as TiO2, BN, SiC, ZrO2 and silver. We have also ultra-
sonicated these nanomaterials to achieve proper dispersion in polypyrrole. Boron 
nitride nanomaterial was modified with silver nanoparticles and enwrapped with 
polypyrrole with the assumption that they will not only maintain but also enhance the 
electrical properties because many applications of polypyrrole are based on their 
electroactive switching properties. The main objectives of these studies are presented 
as below. 
 
 Synthesis of a series of polypyrrole nanocomposites, such as PPy/TiO2, 
PPy/ZrO2, PPy/BN, PPy/SiC and BN/Ag@PPy through oxidative chemical 
polymerization in the presence and absence of surfactant. 
 Modification of BN through silver nanoparticles. 
 Characterization of the in-situ prepared nanocomposites by various analytical 
techniques including field emission scanning electron microscopy (FESEM), 
transmission electron microscopy (TEM), fourier transform infra-red (FT-IR), 
x-ray diffraction (XRD), thermogravimetric analysis (TGA) etc. 
 Sample preparation and mounting of these nanocomposites materials, in four-
probe device to characterize their electrical and sensing performance. 
 Designing of chemosensor prototypes with the nanocomposites which exhibit 
outstanding electrical properties and show very high sensitivity towards 
alcohols, LPG, chlorine gas and acetylene gas aiming to understand the electro 
sensing response of nanocomposites. 
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2.1 Introduction 
The continuous rising interest in conducting polymer nanocomposites is due to their 
perceived potential applications in various fields such as batteries,1 sensors,2 
electrochromic displays3,4 and so on. Like polymers in general, the conducting 
polymers are also lightweight and processible besides having tailorable electrical and 
electronic properties. Conducting polymers have received much attention after the 
first report of electrical conductivity in a conjugated polymer, polyacetylene, in 1977 
by H. Shirakawa et al.5 They combine the electrical and electronic properties of 
metals and semiconductors along with the advantages of polymers.6 Because of the 
facile preparation,7 easy control of the properties, good environmental stability, 
flexibility and high electrical conductivity, polypyrrole is perceived to be one of the 
most promising conducting polymers for commercial applications.8 Besides their high 
absorption coefficients in the visible region, conjugated polymers also exhibit high 
mobility of charge carriers as well as biocompatibility.9 
 Titania or titanium dioxide (TiO2) is one of the most commonly used metal 
oxide semiconductors for photoinduced processes because of its comparatively low 
cost, low toxicity and ability to resist photocorrosion. Different strategies have been 
developed to tune the band gap response of titania to the visible region as the large 
band gap (∼3.2 eV for anatase and brookite, ∼3.0 eV for rutile) allows the utilization 
of only ∼5% of the solar light. The strategies adopted include coupling of TiO2 with 
narrow band gap semiconductors, doping with metal ion/non-metal ions and co-
doping with two or more ions.10 Nanosized TiO2 has proven to be an efficient material 
for use in photocatalytic removal of hazardous industrial by-products and for 
photocatalytic water splitting. By inserting electrons into the conduction band of TiO2 
from conductive polymers with extending π-conjugated electron systems such as 
polyaniline, polythiophene, polypyrrole and their derivatives, thus produced 
composites acts as stable photosensitizers.11-13  
 The preparation of nanocomposite particles with adjustable size constitutes a 
research area of considerable interest. Development of organic–inorganic 
nanocomposite materials have been regarded as an exciting class of materials as many 
bulk properties can be improved by this technique.14 The combination of conducting 
polymer with the nanoparticles of oxide core material has led to exciting applications 
in photovoltaics,15 magnetics,16 charge storage,17 catalysis,18 biosensors19 and 
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biomedicine20 which in turn has led to the development of newer original synthesis 
methodologies. In most cases, such nanocomposites are formed by electrochemical21 
or chemical polymerization22 of monomer in presence nanosized oxide particles.  
 In this study, binary doped polypyrrole (PPy) and polypyrrole/Titania 
(TiO2@PPy) coreshell nanocomposites with different amount of loading of TiO2 
nanoparticles were prepared via oxidative polymerization using FeCl3 as an oxidant 
and CSA as surfactant. FeCl3 dopes polypyrrole by oxidation mechanism while 
camphorsulfonic acid dopes polypyrrole by protonic doping mechanism. The effect of 
the enwrapping of TiO2 nanoparticles (cloud shaped and spheres) by polypyrrole and 
the TiO2 nanoparticles loading level in nanocomposites on the physicochemical 
properties was investigated. The morphology, thermal stability and electrical 
conductivity of the resulting TiO2@PPy coreshell nanocomposites were also 
investigated. These surface engineered products were analyzed for their dynamic 
response of electrical conductivity towards exposure to different types of alcohols by 
using 4-in-line-probe DC electrical conductivity measurement set up. 
 
2.2 Experimental 
 
2.2.1 Materials 
Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride (Fisher Scientific, 
India), titanium dioxide 50 nm (MK Nano Canada), camphorsulfonic acid (CSA) 
(TCI, Tokyo) and methanol (E. Merck, India) were used as received. The water used 
in these experiments was double distilled. 
 
2.2.2 Preparation of PPy and TiO2@PPy nanocomposites 
Polypyrrole and polypyrrole/TiO2 nanocomposites were prepared by oxidation of 
pyrrole in aqueous medium using FeCl3 as an oxidant and CSA as surfactant. PPy was 
synthesised by oxidative polymerization method. Pyrrole (0.05 mol) and 
camphorsulfonic acid (0.01 mol) in 100 mL of distilled water were mixed. A solution 
of ferric chloride (0.05 mol) in 100 mL distilled water was then poured dropwise into 
the aqueous suspension of pyrrole/CSA. The reaction mixture was then stirred 
continuously for about 20 h which resulted into the formation of black colored slurry. 
The product thus formed was filtered and washed several times with distilled water  
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followed by methanol, dried in an air oven at 80°C for 6 h and stored in a desicator for 
further experimentation. 
 Likewise, binary doped TiO2@PPy coreshell nanocomposites (polypyrrole 
encapsulated TiO2 nanoparticles) were prepared using the method described above 
while different amounts ultra-sonicated TiO2 nanoparticles were added to reaction 
mixture as shown in Figure-2.1. As prepared materials were washed, dried, converted 
to fine powder and stored in a desiccator for further analysis. Thus prepared material 
were designated as PPy, TiO2@PPy-10, TiO2@PPy-20 and TiO2@PPy-30 containing 
0%, 10%, 20% and 30% of TiO2 w/w of pyrrole in the reaction mixture respectively. 
For electrical conductivity measurements, 0.30 g of each sample was pelletized at 
room temperature with the help of a hydraulic pressure instrument at 100 kN pressure 
applied for 15 min. 
 
2.2.3 Characterization  
The Fourier transform infrared spectroscopy (FTIR) spectra were recorded using 
Perkin-Elmer 1725 instrument on KBr pallets. To study the surface morphology, the 
field emission-scanning electron microscopy (FE-SEM) was done using LEO 435-VF 
microscope. X-ray diffraction (XRD) data were recorded by Bruker D8 diffractometer 
with Cu Kα radiation at 1.540 A˚ in the range of 5° ≤ 2θ ≤ 70° at 40 kV. PPy and 
TiO2@PPy coreshell nanocomposites were studied in terms of DC electrical 
conductivity by using a four-in-line probe with a temperature controller (PID-200, 
Scientific Equipments, Roorkee, India). The DC electrical conductivity was calculated 
by using the equation: 
                    
                                 Equation: 1 
 
where I, V, W and S are the current (A), voltage (V), thickness of the pellet (cm) and 
probe spacing (cm) respectively and σ is the conductivity (Scm-1).23 LCR properties 
were studied only PPy and TiO2@PPy-20. For dynamic adsorption-desorption 
studies, these pellets were exposed to alcohol vapours and the response in term of 
electrical conductivity change was investigated to distinguish different types of 
alcohols. 
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2.3 Results and Discussion  
 
2.3.1 Oxidative polymerization of pyrrole by FeCl3 and doping 
Binary doped polypyrrole was prepared by chemical oxidation of pyrrole in aqueous 
medium using FeCl3 as an oxidant and CSA as surfactant as shown in equation 2, 
Figure-2.1 
           Equation: 2 
 
Figure-2.1 Schematic presentation of binary doping of polypyrrole by: (a) FeCl3 and 
(b) CSA. 
 
2.3.2 FTIR spectroscopic study  
In the FTIR spectrum of PPy, the main absorption peak was observed at 3412 cm-1 
corresponding to stretching vibration of N–H bond as shown in Figure-2.2 The 
characteristic absorption bands for C=C, C=N, C–N stretching frequencies were 
observed at 1551, 1306 and 1189 cm-1 respectively.24 In case of TiO2@PPy coreshell 
nanocomposites the N–H, C=C and C=N stretching frequencies were slightly shifted 
and were observed at 3419, 1562 and 1294 cm-1 respectively. In addition to this, the 
band at 1201 cm−1 correspond to C–N+ stretching and the band at ~916 cm−1 
correspond to C=N+–C stretching which are attributed to formation of bipolarons, 
which evidently support their doping by FeCl3. It also suggest that polypyrrole was 
oxidized by FeCl3, containing positively charged entities.25 The slight increase in the 
N–H, C=C, C=N and C–N stretching frequencies may probably be attributed to the 
interaction of PPy with TiO2 nanoparticles. Although, the stretching frequencies 
corresponding to N–H bond of PPy were slightly different from those of TiO2@PPy 
but their bending frequencies were observed to be similar and were approximately 
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seen at 1050 cm-1. The prominent absorption band of CSA may be seen at 1644 cm-1 
supporting26 its presence in PPy and TiO2@PPy coreshell nanocomposites. 
 
2.3.3 X-ray diffraction (XRD) analysis 
The XRD patterns of the as-prepared PPy and TiO2@PPy-20 coreshell 
nanocomposites are shown in Figure-2.3. A characteristic broad peak of PPy is 
centred at 26.65° which may be assigned to the repeating units of pyrrole ring 
implying that the PPy is amorphous. These results are also consistent with the PPy 
obtained from conventional chemical or electrochemical methods.27 In XRD pattern of 
TiO2 nanoparticles, the characteristics peaks were observed at 2  25.50°, 37.17°, 
48.33°, 53.98°, 55.50°, 63.27°, 68.92°, 70.71° and 75.20° corresponding to (101), 
(004), (200), (105), (211), (204), (116), (220) and (215) planes respectively.28 In 
TiO2@PPy-20 coreshell nanocomposite, the peaks of TiO2 observed are 
comparatively weaker along with a broad peak of PPy that indicate the formation of 
the TiO2@PPy coreshell nanocomposite. The XRD results show that the peak 
corresponding to PPy in the XRD pattern of TiO2@PPy-20 coreshell nanocomposite 
is sharper than that in PPy indicating higher degree of crystallinity of TiO2@PPy-20. 
This may be attributed to the filling of voids present in the polypyrrole matrix by TiO2 
nanoparticles, resulting a more ordered growth of PPy. 
 
2.3.4 Thermogravimetric analysis (TGA) 
The TGA of PPy and TiO2@PPy coreshell nanocomposites are shown in Figure-2.4. 
The amount of weight loss and thermal stability of the PPy and TiO2@PPy coreshell 
nanocomposites were determined by means of TGA in the range of 40-800°C. It may 
be observed that the initial weight loss below 150°C for PPy may be attributed to the 
volatilization of water and oligomers. Second weight loss observed from 151°C to 
400°C seems to be due to the degradation and volatilization of camphorsulfonic acid. 
The melting point of camphorsulfonic acid melts and volatilizes at 195°C. The third 
weight loss observed from 401°C to 700°C seems to be due to the oxidative 
degradation of TiO2 stabilized polypyrrole nanocomposites. Camphorsulfonic acid 
stabilizes polypyrrole to a great extent as has also been observed by S. Goel et al.29 
They observed a maximum weight loss of ~70% in the polypyrrole doped with 
camphorsulfonic acid similar to our findings. However, the PPy and TiO2@PPy-20  
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Figure-2.2 FTIR spectra of: (a) as received TiO2, (b) PPy, (c) TiO2@PPy-10, (d) 
TiO2@PPy-20 and (e) TiO2@PPy-30. 
 
 
 
Figure-2.3 XRD patterns of: (a) TiO2, (b) PPy and (c) TiO2@PPy-20. 
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coreshell nanocomposites show a minor weight loss throughout the temperature range 
indicating its higher thermal stability. In these cases, the dispersion of TiO2 
nanoparticles and CSA dopant in the nanocomposites plays an important role in 
changing the behaviour of thermo oxidation. 
 The improved thermal stability of TiO2@PPy-20 coreshell nanocomposite is 
hence attributed to strong synergistic interaction between PPy and TiO2 nanoparticles. 
As has been observed in other studies of these nanocomposites that the TiO2@PPy-20 
coreshell nanocomposite is the optimum composition for the formulation of a fairly 
good nanocomposite. It seems that there is some relation between the desirable 
properties including thermal stability of nanocomposites with the TiO2 content in the 
nanocomposite formulations. 
 
2.3.5 Differential scanning calorimetry (DSC) 
DSC was done to examine the changes in physical states of the samples, glass 
transitions in particular. The DSC thermograms of PPy and TiO2@PPy coreshell 
nanocomposites are shown in Figure-2.5 in the temperature range of 50 to 400°C. The 
DSC curve of PPy showed a broad endothermic dip at 143°C, which can be attributed 
to the glass transition temperature of the polymer which was also perceived by 
Aliyeh, Y. et al.30 The DSC plot of PPy further shows an inflection point at 370°C 
which can be attributed to the softening of PPy. The DSC graphs of TiO2@PPy 
coreshell nanocomposites are shown in Figure 2.5 (b, c & d). It was observed that the 
glass transition temperature increased from 171-197°C with increase in TiO2 content 
from 10 to 30% which can be due to more ordered arrangement in the TiO2@PPy 
coreshell nanocomposites as compared to PPy. It was also observed that the PPy with 
10% TiO2 content showed the inflection point at 380°C and the inflection point 
around 380°C disappears with further increase of TiO2 content to 20 and 30%.  
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Figure-2.4. TGA thermograms of: (a) PPy, (b) TiO2@PPy-10, (c) TiO2@PPy-20 and 
(d) TiO2@PPy-30. 
 
 
Figure-2.5 DSC thermograms of: (a) PPy, (b) TiO2@PPy-10, (c) TiO2@PPy-20 and 
(d) TiO2@PPy-30. 
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2.3.6 Scanning electron micrograph studies 
The morphology of PPy and TiO2@PPy-20 coreshell nanocomposites were studied by 
FE-SEM and images are presented in Figure-2.6. The FE-SEM micrograph with high 
magnification (Figure-2.6a) clearly shows that the TiO2 cluster exhibits a cloud-like 
structure comprised of spherical particles. The FESEM image of PPy is shown in 
Figure-2.6b. It shows that the synthesized PPy is agglomerated by several 
nanoparticles. The as-prepared TiO2@PPy-20 is composed of granules approximately 
of 100−200 nm in diameter (Figure-2.6c & d). The granular/spherical structure of 
PPy is associated with the TiO2 nanoparticles and CSA. The nanocomposites 
consisting of TiO2 nanoparticles bind to the surface of large PPy polymer granules and 
their size remains unchanged due to the mild conditions of in situ polymerization. The 
TiO2 nanoparticles are well dispersed in the nanocomposites. In these binary doped 
nanocomposites, no free TiO2 nanoparticles in presence of CSA were observed which 
indicate that the TiO2 nanoparticles and CSA have a nucleating effect on the pyrrole 
polymerization and caused a homogeneous PPy shell around them. FE-SEM study 
indicates the clear morphological transformations from PPy to TiO2@PPy-20 
coreshell nanocomposites. 
 
 2.4 DC Electrical Conductivity  
The electrical conductivity (σ) and charge carriers are related by the expression:  
σ = nqµ              Equation: 3 
where n is number of charge carriers, q is the elementary charge (1.6×10-19 C) and µ 
is the charge carrier mobility. 
The electrical conductivity of binary doped PPy and TiO2@PPy coreshell 
nanocomposites with different amounts of TiO2 measured by 4-in-line-probe method 
is comparable to those of polyaniline (emeraldine salt) and its nanocomposites with 
inorganic nanoparticles.31 DC electrical conductivities of as-prepared PPy and 
TiO2@PPy coreshell nanocomposites were observed to increase upto 20 wt% of TiO2 
loading followed by decrease in DC electrical conductivities on further loading to 30 
wt% of TiO2 as shown in Figure-2.7. The conductivity of PPy is 1.85 Scm-1 which 
increases to 4.53 Scm-1 and 5.80 Scm-1 in the nanocomposites containing TiO2 content 
10 wt% and 20 wt% of pyrrole respectively. With the further increase in TiO2 content 
to 30 wt% of pyrrole, the conductivity decreased to 3.32 Scm-1. This observed  
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Figure-2.6 FE-SEM images of: (a) TiO2, (b) PPy and (c & d) TiO2@PPy-20 showing 
granular/spherical structure in two different magnification. 
 
 
Figure-2.7 Initial DC Electrical conductivities of as-prepared: (a) PPy, (b) 
TiO2@PPy-10, (c) TiO2@PPy-20 and (d) TiO2@PPy-30. 
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phenomenon is quite inconsistent with the results of most conducting composites 
combined with inorganic nanoparticles.31 The presence of TiO2 nanoparticles may 
induce the formation of more efficient network for charge transport in the polypyrrole 
chains leading to higher conductivity. The reason for the increased conductivity may 
be associated with the increase in metallic regions in the nanocomposites, a reduction 
in tunnelling/hopping distance between the metallic regions and the increased number 
of charge-carriers. The decrease in conductivity shown with the introduction of 30 
wt% of TiO2 nanoparticles in TiO2@PPy-30 may be associated to the hindrance in the 
transport of carriers between different molecular chains of PPy due to increased 
Coulombic interactions leading to lower carrier mobility.  
 
2.4.1 Stability in terms of σ retention 
The log σ verses 1000/T (K) of as-prepared PPy, PPy/TiO2-10, PPy/TiO2-20 and 
PPy/TiO2-30 nanocomposites follow straight line relationship indicating the 
semiconducting nature of the materials as shown in Figure-2.8. The straight line 
deviates at around 2.54 1000/T (K) in case of PPy and PPy/TiO2-30 which may be 
associated to the glass transition temperature (as evident from our DSC studies), 
semiconductor to metal transition and degradation at elevated temperatures. 
PPy/TiO2-10 follows straight line relationship indicating that it behaves as a 
semiconductor in the range of temperatures of experiments. PPy/TiO2-20 shows two 
distinct and different linear regions in its Arrhenius plot indicating that two different 
mechanisms of conduction are operative in two temperature ranges having different 
energies of activation 28.    
 
2.4.2 Stability under isothermal ageing  
The stability in terms of DC electrical conductivity retention of PPy and PPy/TiO2 
nanocomposites was studied under isothermal ageing conditions as shown in Figure-
2.9. The relative electrical conductivity was plotted against time for each temperature 
as given in the equation below: 
            Equation-4 
where σr,t = relative electrical conductivity at time t,   σt = electrical conductivity at 
time t, σo = electrical conductivity at time zero. 
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Figure-2.8 Arrhenius plots of as-prepared: (a) PPy, (b) PPy/TiO2-10, (c) PPy/TiO2-20 
and (d) PPy/TiO2-30. 
 
 
 
Figure-2.9 Isothermal stability in terms of change in relative DC electrical 
conductivity versus time of as-prepared: (a) PPy, (b) PPy/TiO2-10, (c) PPy/TiO2-20 
and (d) PPy/TiO2-30. 
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In order to compare the stability in terms of dc electrical conductivity retention of 
these materials, the best method is to compare the relative electrical conductivity with 
respect to time at different temperatures for different samples. The DC conductivity of 
the samples (5 readings of each sample were taken at an interval of 10 min) was 
measured at the temperatures 50, 70, 90, 110 and 130°C. Figure-2.9 shows the 
variation in relative electrical conductivity of polypyrrole and its nanocomposites 
verses time. It may be observed that the   electrical conductivity is fairly stable at 
50°C and 70°C while electrical conductivity is sufficiently stable at 90°C for 
polypyrrole. In case of PPy/TiO2-10, the electrical conductivity is fairly stable at 50°C 
only. In case of PPy/TiO2-20, electrical conductivity is fairly stable at 50°C and 70°C. 
In case of PPy/TiO2-30, the electrical conductivity is stable at 50°C and 70°C where 
as some loss is observed at 90°C and 110°C. It may be observed that with the addition 
of TiO2, the sample shows increase in the electrical conductivity and sample with 
TiO2 content of 20% (Figure-2.9c) showed the best stability at 50°C and 70°C. 
 
2.4.3 Stability under cyclic ageing 
The stability in the terms of DC electrical conductivity retention of PPy and binary 
doped PPy/TiO2 nanocomposites was studied by cyclic ageing technique within the 
temperature range of 40 to 150°C as shown in Figure-2.10. The conductivity 
measurements were also recorded for subsequent cycles and it was observed that the 
conductivity decreased gradually from first to fifth cycle showing a regular trend in 
all the cases. The relative electrical conductivity was calculated using the following 
equation: 
   Equation-5 
where σr is relative electrical conductivity, σT is electrical conductivity at temperature 
T (°C) and σ40 is electrical conductivity at 40°C. 
The DC electrical conductivity of PPy and PPy/TiO2 nanocomposites showed good 
reversibility upto 90°C when cycled in the temperature range of 40-150°C. The 
PPy/TiO2-30, however found better than the reaming samples.   
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Figure-2.10 DC electrical conductivity under cyclic ageing conditions for: (a) PPy, 
(b) PPy/TiO2-10, (c) PPy/TiO2-20 and (d) PPy/TiO2-30 in the temperature range of 40 
to 150°C. 
 
 
Figure-2.11 I-V characteristics of: (a) PPy, (b) TiO2@PPy-10, (c) TiO2@PPy-20 and 
(d) TiO2@PPy-30. 
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2.5 LCR Studies 
2.5.1 I-V studies 
In the voltage-current graph shown in Figure-2.11, it may be observed that the 
highest voltage is shown by PPy at room temperature and at a particular current value. 
The voltage showed a decrease with the addition of 10 & 20 wt% of TiO2 content in 
the nanocomposites followed by an increase in voltage in case of TiO2@PPy-30 at 
room temperature and at a particular current value. From this analysis, it may be 
inferred that the highest conductivity is shown by TiO2@PPy-20 followed 
TiO2@PPy-10 followed by TiO2@PPy-30 followed by PPy as conductivity is 
inversely proportional to voltage. The characteristics of PPy and TiO2@PPy 
nanocomposites showed ohmic variations which are completely symmetrical with 
respect to the voltage. This linear increase in current with applied voltage is related to 
the conduction mechanisms of PPy and its nanocomposites. As the voltage increases, 
the formation of polarons and bipolarons increase rapidly contributing to higher 
values of current through the sample. The conduction in the metallic regions occurs 
by the hopping of charge carriers through the polaron structures that are formed after 
the binary doping of polypyrrole by FeCl3 and CSA.  
 
2.5.2 Dielectric constants 
The dielectric constant is represented as ɛ = ɛʹ - jɛʺ . The first term (the real part of the 
dielectric constant) describes the stored energy but the second term (imaginary part of 
the dielectric constant) describes the dissipated energy.32 The dielectric constant of the 
samples (both the real, , and imaginary, , parts) shows a sharp decrease at lower 
frequency and becomes almost constant or slowly decreases at higher frequency 
(Figure-2.12 A and 2.12-B). Dielectric relaxation, a phenomenon that describes that 
the charge carrier localization is not stable and frequency disturbances affect the 
charge carrier localization, can be the reason for the decrease in the dielectric constant 
with increasing frequency. The enhanced dielectric constant was observed for 
TiO2@PPy-20 coreshell nanocomposite than PPy and it was also observed that 
dielectric constant increases with the addition the TiO2 nanoparticles (Figure-2.12A a 
and 2.12). This is attributable to accumulation of charge carriers in the internal 
surface of PPy matrix which can be explained by Max- well–Wagner–Sillars effects.32 
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Figure-2.12 (A) Variation of real part of dielectric constants with frequency of (a) 
PPy and (b) TiO2@PPy-20 (B) Variation of imaginary part of dielectric constants 
with frequency of (a) PPy and (b) TiO2@PPy-20. 
 
 
 
Figure-2.13 Variation of dielectric losses with frequency of: (a) PPy and (b) 
TiO2@PPy-20. 
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The externally applied electric field incites the charge carriers that can migrate easily 
to the grains but these grains get accumulated at the boundaries. Which in turn 
produce large polarization and high dielectric constant. In PPy and TiO2@PPy-20, the 
high value of dielectric constants was observed at low frequency which can be 
attributed to the interfacial/space charge polarization TiO2@PPy-20 coreshell 
nanocomposites. The polarization decreases with increase in frequency and then 
reaches a constant value due to the fact that beyond a certain frequency of external 
field, the hopping of electrons between metal ions and PPy cannot follow the 
alternating field. The increase in loading percent of TiO2 nanoparticles in the 
TiO2@PPy-20 coreshell nanocomposites results into the formation of many interfaces 
between PPy and TiO2 nanoparticles that enhances the accumulation of charge 
carriers in the internal surface of the PPy matrix.33 
 
2.5.3 Dielectric losses 
As shown by the analysis, the PPy and TiO2@PPy-20 coreshell nanocomposite 
exhibited frequency dependent dielectric losses and they showed the uniform 
behaviour of dielectric losses although PPy and TiO2@PPy-20 coreshell 
nanocomposite at higher frequency (Figure-2.13). The amount of TiO2 nanoparticles 
in TiO2@PPy-20 coreshell nanocomposite affected the dielectric losses. The low 
value of dielectric losses at lower frequency may be attributable to the low resistivity 
caused by grain boundaries.34 Moreover, the TiO2@PPy-20 coreshell nanocomposite 
showed low dielectric losses than PPy which suggests the suitability of TiO2@PPy-20 
coreshell nanocomposite for the electronic applications in fabrication of capacitors. 
 
2.5.4 AC electrical conductivity 
Total electrical conductivity  is the summation of the band 
and hopping fractions. The first term is DC conductivity due to the band conduction 
which is frequency independent. The second term is the pure AC conductivity due to 
the electron hopping processes.35 AC conductivity of TiO2@PPy-20 coreshell 
nanocomposite was found to be higher than that of PPy as shown in Figure-2.14. Its 
analysis showed that the AC conductivity of TiO2@PPy-20 coreshell nanocomposite 
slowly increases with an increase in the frequency of AC field and increases rapidly at 
higher frequencies. The PPy shows a very slow increase in AC conductivity with   
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Figure-2.14 Variation of AC electrical conductivity with frequency of: (a) PPy and 
(b) TiO2@PPy-20. 
 
 
 
 
Figure-2.15 Interaction between TiO2 nanoparticles and binary doped polypyrrole 
leading to the formation of nano p-n junctions. 
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increase in frequency even at high frequency as compared to TiO2@PPy-20 coreshell 
nanocomposite which may be due to the increase in frequency leading to enhanced 
electronic exchange occurring among the cations with two and three valences existing 
in the sub- lattice of TiO2 nanoparticles. An increase in AC conductivity was also 
observed with the loading of TiO2 nanoparticles in TiO2@PPy-20 coreshell 
nanocomposite. It was also observed that the presence of increased amounts of TiO2 
nanoparticles in the TiO2@PPy-20 coreshell nanocomposite causes a more radical 
increment in the AC conductivity at high frequency which may be attributed to the 
enhanced electron hopping phenomenon.36 
 
2.6 Dynamic Absorption-Desorption Studies  
In this proposed scheme, there are two types of electron transfers in the TiO2@PPy 
coreshell nanocomposites. First electron transfer between PPy and CSA/FeCl3 and 
second between the PPy and TiO2 (Figure-2.15). The DC electrical conductivity of 
TiO2@PPy coreshell nanocomposites increased remarkably which can be attributed to 
the doping effect associated with CSA, FeCl3 and TiO2 which induce the formation of 
more number of charge carriers. The DC electrical conductivity was found to increase 
with increasing contents of TiO2 nanoparticles which may be attributed to the 
increased mobility of charge carriers, which increases the hopping rate of charge 
carriers. Further increasing the content of TiO2 it seems that the mobility of charge 
carriers decreases due to Columbic interactions which leads to decrease in electrical 
conductivity. Therefore, the delocalization effect along with formation of polarons or 
bipolarons causes the enhancement of electrical conductivity. Another explanation for 
decrease in electrical conductivity in case of TiO2@PPy-30 may be given by effective 
p-n junction formation between PPy and TiO2-30 as follows.  
 Binary doped polypyrrole and TiO2 nanoparticles are p-type and n-type 
semiconductors respectively. When the TiO2 nanoparticles are encapsulated by PPy, 
nano p-n junction regions are generated which leads to an increase in electrical 
conductivity as shown in Figure-2.16. Because of the forward bias, the holes in p-
type region and electrons in n-type region are pressed towards the junction which 
leads to the increase in the number of holes, reduced width of depletion region and 
reduction in the negative charge at the junction. In 30 wt% TiO2 content, the electrical  
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conductivity decreases probably due to the generation of reverse bias. In the light of 
above discussion, the dynamic sorption-desorption of PPy and TiO2@PPy-20 and its 
effect on electrical conductivity is explained.  
 
 
Figure-2.16 Schematic diagram of formation of nano p-n junctions in TiO2@PPy (a) 
forward bias and (b) reverse bias. 
 
 
 
 
Scheme-2.1 Schematic presentation of alcohol sensing by TiO2@PPy-20. 
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The alcohols butan-1-ol (1° alcohol), butan-2-ol (2° alcohol) and 2-methyl propan-2-
ol (3° alcohol) vapour sensitivity towards PPy was analysed by measuring the 
changes in the electrical conductivity at room temperature (Scheme-2.1). The vapour 
sensitivity towards PPy was investigated on the basis of two different factors, namely, 
the response time and the sensing intensity. The alcohol concentration in aqueous 
solutions used for these experiments was 1M.  
 The polypyrrole pellets were firstly exposed to alcohol vapours for five 
minutes and the exposed to air for another five minutes. When PPy was exposed to 
alcohol vapours, it was observed that the overall electrical conductivity decreases with 
time. Different types of alcohols showed different behaviours and it was observed that 
in case of 1° alcohol the electrical conductivity decreased with increase in the time 
period. The 2° alcohol showed greater decrease in electrical conductivity as compared 
to the 1° alcohol. In case of 3° alcohol, the electrical conductivity increases in 
comparison to 2° alcohol but increase is less than that in 1° alcohol. The variation in 
electrical conductivity is attributed to the charge transfer between alcohol and 
polypyrrole.  
 The sensitivity of polypyrrole and its nanocomposites towards alcohol vapour 
molecules is due to the adsorption of alcohol vapours on polypyrrole surface making 
an unstable complex which in turn reduces the electrical conductivity. When the PPy 
pallet was taken out from the alcohol vapour (5th to 6th min), the conductivity 
decreased due to the adsorption of some of alcohol vapours over polypyrrole (Figure-
2.17). But after the sixth minute the electrical conductivity started to increase as the 
alcohol vapours started to desorb from polypyrrole. The following reversible 
adsorption/desorption may be suggested for their use in alcohol vapour sensing. 
 The reproducibility was measured by first keeping the sample in alcohol 
vapours for 2 min followed by 2 min in air (Figure-2.18). 1° and 2° alcohols showed 
good reproducibility than 3° alcohol. The reason for the poor reproducibility shown 
by 3° alcohols may be attributed to the steric hindrance experienced by 3o alcohol to 
interact with PPy surface hence decrease in conductivity was least. On the other hand, 
2o alcohol showed the higher reproducibility due to good adsorption and desorption.  
 The TiO2@PPy-20 coreshell nanocomposite may be seen as one of the most 
favourable sensing materials due to its high alcohol vapour sensitivity at room 
temperature. Polypyrrole behaved as p-type semiconductor and TiO2 as n-type  
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Figure-2.17 Effect on the DC electrical conductiviy of PPy on exposure to (a) 1°, (b) 
2° and (c) 3° alcohols with respect to time. 
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semiconductor leading to the formation of large number of nano p-n junctions as 
shown in Scheme-2.2. When the composites were exposed to alcohol vapours that 
acted as electron donor, the depletion region changed and the electrical conductivity 
of conducting polymer increased continuously. Therefore, the width of the depletion 
region decreased and the conductivity of the polypyrrole channel increased which was 
also observed by V.B. Patil et al.37  
 Shaowei Chen et al.38 observed that enhancement in charge carriers due to 
their interaction at molecular level with the surface when TiO2 nanoparticles were 
exposed to alcohol vapours. This ionic interaction decreased the thickness of 
depletion region which brought them close to each other and thus enhanced the 
conductivity of TiO2 nanoparticles. 
 Kumar et al. Suggested that ZnO nanostructures are considered as excellent 
material for fabrication of highly sensitive and selective gas sensors. They also 
discussed gas sensing characteristics such as gas response, response time, recovery 
time, selectivity, detection limit, stability and recyclability.39 
 
 
Scheme-2.2 Binary doped polypyrrole and TiO2@PPy coreshell nanocomposites 
forming nano p-n junctions. ROH molecules interact at p-n nano junctions formed at 
TiO2@PPy interface. 
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Figure-2.18 Variation in conductivity of: (a) 1° alcohol, (b) 2° alcohol) and (c) 3° 
alcohol on PPy on alternating exposure to alcohols. 
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 The variation in electrical conductivity may be attributed to the number of charge 
carriers distributed between alcohol molecules and the TiO2 nanoparticles 
encapsulated with polypyrrole. The sensitivity of polypyrrole towards alcohol 
molecules is due to the interaction of alcohol vapours on TiO2@PPy-20 interface 
forming an unstable complex which in turn raises the electrical conductivity. From the 
Figure-2.19, when the TiO2@PPy-20 was taken out from the alcohol vapour the 
conductivity decrease due to desorption of alcohol vapours from the interface of 
TiO2@PPy-20. The 2° alcohol showed maximum response towards TiO2@PPy-20. 1° 
and 3° alcohols showed comparatively poor response as evident from lower 
amplitude. The reproducibility of 1° and 3° alcohols is somewhat similar.  
 The reproducibility of response was measured by first keeping the sample in 
alcohol vapours for 2 min followed by 2 min in air as shown in Figure-2.20. 2° 
alcohol showed the best reproducibility of response and highest amplitude. All the 
molecules of 2° alcohol adsorbed on the TiO2@PPy-20 surface get desorbed on 
exposure to air, it may be suggested. 1° and 3° alcohols showed at least same and 
good reproducibility than secondary alcohol. The reason for the least and almost equal 
reproducibility shown by primary and tertiary alcohols may be due to the less 
inductive effect (+I-effect) and steric hindrance respectively. Quantitatively both 
effects are of comparable extent and affects the adsorption of incoming molecules 
upto same degree resulting into almost same type of response. That’s why lesser 
molecules of 1o and 3o alcohol are able to get adsorbed on the TiO2@PPy-20 coreshell 
nanocomposite surface hence decrease in conductivity was least.  
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Figure-2.19 Effect on the conductiviy of TiO2@PPy-20 on exposure to different 
alcohols with respect to time. 
 
 
Figure-2.20 Variation in conductivity of TiO2@PPy-20 on alternate exposure to 
alcohols. 
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2.7 Conclusion  
In summary, PPy and TiO2@PPy coreshell nanocomposites were synthesized 
successfully via in situ polymerization method, which were confirmed through 
different instrumental techniques. We have presented a detailed study of electrical, 
dielectric and sensing properties. The electrical properties presented in terms of DC 
electrical conductivity and I-V characteristics. The binary doped TiO2@PPy-20 
coreshell nanocomposite showed better electrical, dielectric and sensing properties. 
Electrical conductivity studies showed the more efficient charge transport behaviour 
and may be applied in diode properties. At this stage, we may suggest the formation 
of nano p-n junctions at the nanocomposite of TiO2@PPy interface. 
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3.1 Introduction  
Among various applications, conducting polymers have been used as sensors, due to 
their inherent electronic, optic and mechanical transduction mechanism.1-8 To enhance 
sensitivity, considerable efforts have been focused on the fabrication of nanometer scale 
conducting polymer materials. The beneficial characteristics of these materials include 
their small dimensions, high surface to volume ratio and amplified sensitivity for 
sensor-transducer applications.9-13 Among various morphologies of conducting 
polymer nanostructures, nanoparticles offer the advantages of small-diameter particles 
for device fabrication, facile fabrication steps and uniform size and uniform deposition 
for sensor electrode production without particle aggregation.14-21   
 Among the various conducting polymers, polypyrrole (PPy) is especially 
promising in commercial applications because of its good environmental stability, 
facile synthesis and higher conductivity compared with many other conducting 
polymers. The use of PPy have been demonstrated as biosensors, gas sensors, wires, 
microactuators, antielectrostatic coatings, solid electrolytic capacitors, electrochromic 
windows, displays, polymeric batteries, electronic devices, functional membranes and 
so on.22-29  
 Hexagonal-boron nitride (h-BN) is a layered material consisting of two-
dimensional (2D) atomically thin sheets of covalently bonded boron and nitrogen 
stacked together by weak van der Waals forces. Recently, researchers have been able 
to exfoliate bulk h-BN materials in large quantities to obtain high surface area h-BN 
sheets using wet chemical approach and demonstrated its various applications.30 
Hexagonal boron nitride (h-BN) is an analogue of graphite and has tremendous 
applications in the fields ranging from optical storage to medical treatment, 
photocatalysis and electrical insulation due to its wide direct band gap (~5.79 eV) as 
well as its excellent chemical stability and inoxidizability.31,32 Recent reports 
demonstrate lightweight nanocomposites have been prepared by incorporating the 
thermally conductive nanomaterials such as carbon nanotubes, graphene and boron 
nitride (BN) nanosheets.33-39 These individual nanomaterials have ultra-high thermal 
conductivity due to limited phonon scattering and high phonon velocity. BN is an 
electrical insulator with a dielectric constant of ~3~440 and thus it is widely used in 
thermal management of high power electronics and display applications that are not 
possible by using CNTs and graphene. 
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Conducting polymer composites are of great technical interest as they exhibit a wide 
range of electrical, optical and magnetic properties. Besides, conducting polymer 
composites are prepared with various inorganic additives for improving the thermal 
properties of these materials. Highly fire-resistant materials such as boron phosphate 
and huntite are also used as additives. Besides it, Shao et al have also reported the effect 
of gas exposure on electrical response of CNTs and graphene on account of ease of 
functionalization at molecular level.41 Later Saha et al reported that development of 
CNT networks have a direct influence on the electrical properties and potential 
applications of composite materials.42 Likewise, hexagonal boron nitride (h-BN) is one 
of the additives used for this purpose.43,44  
 Herein, we present a simple strategy for the preparation of PPy/FeCl3/CSA and 
PPy/BN/FeCl3/CSA nanocomposites by oxidative polymerization of pyrrole. The effect 
of the addition of BN nanosheets and binary doping on the physicochemical properties 
are investigated. The morphology, thermal stability and electrical conductivity of the 
resulting PPy/FeCl3/CSA and PPy/BN/FeCl3/CSA nanocomposites were also 
investigated. These surface engineered products were also examined for their dynamic 
response of electrical conductivity towards LPG using a simple 4-in-line probe 
electrical conductivity measurement set up.  
 
3.2 Experimental 
 
3.2.1 Materials 
 
Pyrrole 99% (Spectrochem, India), ferric chloride anhydrous (Fisher Scientific, India), 
boron nitride (MK Nano, Canada), camphorsulfonic acid (TCI, Tokyo) and methanol 
(E. Merck, India) were used as received. The water used in these experiments was 
double distilled. 
 
3.2.2 Synthesis of binary doped PPy and PPy/BN nanocomposites 
Pyrrole (0.05 mol) and camphorsulfonic acid (0.01 mol) in 100 mL of distilled water 
were mixed. A solution of ferric chloride (0.05 mol) in 100 mL distilled water was then 
poured dropwise into the mixture. The reaction mixture was stirred continuously for 
about 20 hrs resulting in the formation of black colored solid. The product 
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(PPy/FeCl3/CSA) thus formed was filtered, washed several times with distilled water 
and methanol and dried in an air oven at 80°C for 6 hrs. 
 PPy/BN nanocomposites were prepared by oxidative polymerization of pyrrole 
in the presence of BN nanosheets. In a typical preparation, pyrrole (0.05 mol) and 
camphorsulfonic acid (0.01 mol) in 100 mL of distilled water were mixed. A uniform 
suspension of BN (100 mg) in 100 mL deionized water prepared by ultra-sonication for 
1 hour was then added into the mixture. A solution of ferric chloride (0.05 mol) in 100 
mL distilled water was then poured dropwise into the mixture at room temperature with 
constant stirring. The colour of the solution changed from greenish to black indicating 
the polymerization of pyrrole. The resulting solution was then stirred for further 20 
hours. The resultant mixture was then filtered, washed thoroughly with distilled water 
to remove unused reactants and byproducts until the filtrate became colourless. It was 
further washed thoroughly with methanol to remove any other impurities. The product 
(PPy/BN/FeCl3/CSA) was dried at 80°C for 6 hours. PPy/BN/FeCl3 was also prepared 
using same procedure mentioned above without using CSA. The nanocomposite 
materials were kept in a desicator for further experiments. For electrical conductivity 
measurements, 0.30 gm material from each sample was pelletized at room temperature 
with the help of a hydraulic pressure instrument at 100 kN pressure for 15 min. 
 
3.3. Results and Discussion  
 
3.3.1 Preparation of PPy and PPy/BN nanocomposites 
Polypyrrole and polypyrrole/BN nanocomposites were prepared by oxidation of pyrrole 
in aqueous medium using FeCl3 as an oxidant in presence and absence of CSA. Thus 
prepared PPy/FeCl3/CSA, PPy/BN/FeCl3 and PPy/BN/FeCl3/CSA were labelled as 
PPy-2, PPy/BN-1 and PPy/BN-2 respectively where 1 stands for singly doped and 2 
stands for binary doped samples as shown in Figure-3.1.  
Chapter 3 
 
68 
 
 
Figure-3.1 Schematic presentation of formation of PPy-2, PPy/BN-1 and PPy/BN-2. 
 
3.3.2 Characterization  
The morphology, structure and chemical composition of PPy and PPy/BN 
nanocomposites were characterized by a variety of techniques including the Fourier 
transform infrared spectroscopy (FTIR) done using Perkin-Elmer 1725 instrument, X-
ray powder diffraction (XRD) and field emission scanning electron microscopy was 
done by LEO 435–VF. PPy and PPy/BN nanocomposites were studied in terms of their 
DC electrical conductivity retention under isothermal and cyclic ageing conditions. A 
four-in-line probe with a temperature controller PID-200 (Scientific Equipment, 
Roorkee, India) was used to measure the DC electrical conductivity and its temperature 
dependence. The DC electrical conductivity was calculated by using the following 
equation: 
              𝜎 =
[𝑙𝑛2(
2𝑆
𝑊
)]
[2𝜋𝑆(
𝑉
𝐼
)]
                               Equation- 1 
where I, V, W and S are the current (A), voltage (V), thickness of the pellet (cm) and 
probe spacing (cm) respectively and σ is the conductivity (Scm-1).45 In isothermal 
stability testing, the pellets were heated at 50°C, 70°C, 90°C, 110°C and 130°C and the 
DC electrical conductivity was measured at an interval of 10 min in the accelerated 
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ageing experiments. In the case of cyclic ageing technique, DC conductivity 
measurements were taken 5 times at an interval of about 80 min within the temperature 
range of 40– 150°C. In sensing experiment, two pellets of the each PPy-2 and PPy/BN-
2 were tested for LPG sensing property. A cigarette lighter operated by commercially 
available dry LPG with regulated flow rate of 16.66 ppm/sec was used in the 
experiment. 
 
3.3.3 FT-IR spectroscopic study  
FT-IR spectra of PPy-2 and PPy/BN nanocomposites were recorded on KBr pellets. 
The FTIR spectra of PPy-2 shows the main absorption peak at 3429 cm-1 corresponding 
to stretching vibration of N–H bonds as shown in Figure-3.2. The characteristic 
absorption bands for C=C, C=N, C-N stretching frequencies were obtained at 1539, 
1304 and 1172 cm-1 respectively. In case of PPy/BN nanocomposites the N-H, C=C, 
C=N and C-N stretching frequencies were observed at 3419, 1558, 1313 and 1192 cm-
1 respectively. The absorptions bands obtained around 1380 cm-1 can be attributed to 
BN stretching. The slight increase in the N-H, C=C, C=N, C-N stretching frequencies 
is probably attributed to the interaction of PPy and BN nanosheets. Although stretching 
frequencies corresponding to NH bonds of PPy were different from that in PPy/BN but 
their bending frequencies were observed to be a same frequencies and were 
approximately obtained at 1030 cm-1. The prominent absorption band of CSA was 
clearly observed at 1633 cm-1 which is evidently supporting the formation of PPy-2 and 
PPy/BN-2 nanocomposites.  
 
3.3.4 X-ray diffraction (XRD) analysis 
The crystal structure of the as-prepared PPy-2 and PPy/BN nanocomposites was 
characterized by XRD. The Figure-3.3 a shows the spectra of PPy-2, the appearance 
of broad peak in the region of 2θ = 26.38° in PPy-2 suggests the presence of 
polypyrrole. The Figure-3.3 b shows the XRD spectra of PPy/BN-1 nanocomposite. 
The spectra shows the peaks corresponding to both PPy and BN. The Figure-3.3 c 
shows the spectra of PPy/BN-2. The figure shows the peaks relating to PPy and BN 
which suggests that the structure of the nanocomposite is not altered by the addition of 
CSA. The broad peak observed at 2θ = 26.26°, suggested that amorphous nature of 
polypyrrole and crystalline nature of BN has got merged and shifted from 25.66° in the 
nanocomposite. The Figure-3.3 d shows that the peaks at 2θ values of 25.66°, 37.10°, 
40.83°, 43.55°, 49.24°, 54.23° and 76.81°correspond to the BN. 
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Figure-3.2 FT-IR spectra of:  (a) PPy-2, (b) PPy/BN-1, (c) PPy/BN-2 and (d) BN. 
 
 
Figure-3.3 XRD spectra of: (a) PPy-2, (b) PPy/BN-1, (c) PPy/BN-2 and (d) BN. 
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3.3.5 Thermogravimetric analysis (TGA) 
The amount of weight loss and thermal stability of the PPy-2, PPy/BN-1 and PPy /BN-
2 nanocomposites were determined by means of TGA in the range of 40- 600°C. From 
the Figure-3.4, it may be observed that the degradation process involved the loss of 
water in PPy and PPy/BN nanocomposites, the elimination of dopant and dedoping 
process of the polymer. It is clear that decomposition of the PPy-2 started at 
approximately 191°C, while at 226°C for PPy/BN-2 nanocomposite and all had three 
weight loss processes. The PPy/BN and PPy/BN-2 nanocomposite show higher thermal 
stability than that of PPy-2. The shift in decomposition temperature may be related to 
the interaction between CSA and BN. It is found that in CSA with PPy/BN, a little 
difference could be observed in thermal stability for nanocomposites but with obvious 
decrease in the residual weight. The nanocomposites synthesized with and without CSA 
showed better thermal stability than pure PPy-2, with increased temperature.  
 
3.3.6 Scanning electron micrograph studies 
The morphology and shape of pure BN, PPy-2, PPy/BN-1 and PPy/BN-2 
nanocomposites were characterized by FE-SEM technique and the obtained images are 
presented in Figure-3.5. The FE-SEM micrograph with high magnification (Figure-
3.5 a) clearly showed nanosheet like structure of h-BN. The FESEM image of PPy-2 
nanoparticles is shown in Figure-3.5 b. It showed that the synthesized polypyrrole is 
agglomerated by several nanoparticles. The as-prepared PPy/BN-1 is composed of 
granules approximately 100−200 nm in diameter (Figure-3.5 c) and the granular 
structure of PPy is associated with the BN. In Figure-3.5 d PPy/BN-2 showed the 
granular/spherical structures associated with CSA. The effect of CSA on PPy/BN 
nanocomposite morphology is seen clearly in Figure-3.5 (c & d). The nanocomposite 
prepared with CSA exhibited less compact morphology and seems more regular as 
evident from Figure-3.5 d whereas the sample prepared without the surfactant exhibits 
a very dense and compact structure as shown in Figure-3.5 c. As the concentration of 
the incorporated CSA increased, less agglomeration and better dispersion was obtained. 
The nanocomposites consisting of BN bind to the surface of large PPy polymer granules 
and their size remains unchanged due to the mild conditions of in situ polymerization. 
The BN is well dispersed in the nanocomposites, and no free BN nanoparticles was 
present which indicated that the BN nanoparticles and CSA have a nucleating effect on 
the pyrrole polymerization and caused a homogeneous PPy shell around them.  
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Figure-3.4 TGA curve of: (a) PPy-2, (b) PPy/BN-1 and (c) PPy/BN-2. 
 
 
Figure-3.5. FE-SEM image of: (a) BN, (b) PPy-2, (c) PPy/BN-1 & (d) PPy/BN-2 
nanocomposites showing granular/spherical structures in different magnifications. 
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3.4 DC Electrical Conductivity 
The DC electrical conductivity of PPy-2 and PPy/BN nanocomposites with and without 
CSA was measured using a 4-in-line probe technique. The electrical conductivity 
showed decrease from 0.466 S/cm to 0.234 S/cm after loading boron nitride with CSA 
but PPy/BN-1 nanocomposites did not show electrical conductivity. In order to 
complete its octet, B atoms interacts with the lone pair of electrons of N atoms of BN 
and thus B ̶ N bonds become extremely polar. The highly polar B ̶ N bonds strongly 
bind the polarons of the PPy and the counterion FeCl4 ̅ and lock them. This causes the 
loss of mobility in polarons leading to loss of electrical conductivity in PPy/BN as 
shown in Figure-3.6. In CSA doped PPy/BN-2 nanocomposites, the addition of BN 
increases the compactness of the sample, causing lesser coupling through the grain 
boundaries which in turn reduces the electrical conductivity. Whereas, in the absence 
of CSA in PPy/BN-1 nanocomposites, no electrical conductivity was observed which 
may be due to locking of positive charge on PPy by BN and therefore electrical 
conductivity is lost due to non-mobile positive charge. With the addition of CSA, a 
higher crystallinity is obtained which facilitates improvement in charge transfer 
mechanism and hence, results in increased electrical conductivity.46 The increase in 
electrical conductivity may also be due to unlocking of polarons or bipolarons because 
of interaction of CSA. The electrical conductivity is regained as positive charge become 
mobile as shown in Figure-3.1. 
 
3.4.1 Isothermal stability studies 
The stability in terms of DC electrical conductivity retention of PPy-2 and PPy/BN-2 
nanocomposites was studied under isothermal ageing conditions as shown in Figure- 
3.7. The relative electrical conductivity was plotted against time for each temperature 
as given in the equation below: 
                     Equation- 2 
 
where σr,t = relative electrical conductivity at time t,   σt = electrical conductivity at 
time t, σo = electrical conductivity at time zero. 
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Figure-3.6 Initial DC electrical conductivity of: (a) PPy-2, (b) PPy/BN-1 and (c) 
PPy/BN-2 nanocomposites. 
 
 
Figure-3.7 Change in relative electrical conductivity of: (a) PPy-2 and (b) PPy/BN-2 
nanocomposites under isothermal ageing conditions. 
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The stability in terms of DC electrical conductivity retention of these materials, the best 
method is to compare the relative electrical conductivity with respect to time at different 
temperatures for different samples. The DC conductivity of the samples (5 readings of 
each sample were taken at an interval of 5 min) was measured at the temperatures 50, 
70, 90, 110 and 130°C. Figure-3.7 a shows that the electrical conductivity of PPy-2 is 
fairly stable at 50°C, 70°C and 90°C. In case of PPy/BN-2, electrical conductivity is 
fairly stable at 50°C, 70°C and 110°C as shown in Figure-3.7 b. The instability shown 
by PPy/BN-2 at 90°C seems to be due to the instrumental deviation. Thus PPy-2 is 
observed to be more stable than PPy/BN-2 in the term of electrical conductivity under 
isothermal aging condition. 
 
3.4.2 Stability under cyclic ageing 
The stability in terms of DC electrical conductivity retention of PPy-2, PPy/BN-1 and 
PPy/BN-2 nanocomposites was also studied by cyclic ageing technique also within the 
temperature range of 40°C to 130°C as shown in Figure-3.8. The conductivity 
measurements were also recorded for subsequent cycles and it was observed that the 
conductivity decreased gradually from first to fifth cycle showing a regular trend in all 
the cases. The relative electrical conductivity was calculated using the following 
equation: 
            Equation- 3 
where σr is relative electrical conductivity, σT is electrical conductivity at temperature 
T (°C) and σ40 is electrical conductivity at 40°C. 
 The decrease in electrical conductivity with the introduction of BN in 
nanocomposite structure is supposed to be due to the insulating behaviour of boron 
nitride, because its outer electrons are bound by nitrogen atoms, thus the hindrance in 
the transport of carriers between different molecular chain of PPy and the interaction at 
the interface of PPy and boron nitride probably led to the reduction of the conjugation 
length of PPy in nanocomposites. In case of PPy/BN-2 nanocomposites the electrical 
conductivity increases due to the doping of CSA due to increase in the number of charge 
carriers, which can be connected with the delocalization effect of doping and formation 
of the polarons or bipolarons in the nanocomposite structure, thus enhancing the 
electrical conductivity of nanocomposites. 
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Figure-3.8 Relative Electrical conductivity of: (a) PPy-2 and (b) PPy/BN-2 
nanocomposites under cyclic ageing conditions. 
 
Figure-3.9 I-V characteristics of: (a) PPy-2, (b) PPy/BN-1 and (c) PPy/BN-2 
nanocomposites. 
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3.4.3 I-V studies 
The current verses voltage plots of the PPy-2, PPy/BN-1 and PPy/BN-2 
nanocomposites respectively are shown in Figure-3.9. The I-V characteristics of these 
samples were recorded at 80°C. PPy-2 and PPy/BN-2 nanocomposites showed that 
current increases with increase in voltage while PPy/BN-1 does not show this effect. 
From the Figure-3.9, it is observed that the higher electrical conductivity is shown by 
PPy-2 than that of PPy/BN-2 as electrical conductivity is inversely proportional to 
voltage. The PPy-2 and PPy/BN-2 showed Ohmic variations which are fairly regular 
with respect to the applied voltage. This linear increase in current with applied voltage 
is related to the conduction mechanism of PPy and its nanocomposites. PPy/BN-1 
showed I-V behaviour of an insulator. 
 
3.5 LPG Sensing  
Though LPG is known as one of the most common domestic fuels, its leak even at ppm 
levels may cause irritation and breathing trouble in human beings. LPG is comprised 
of mainly butane and traces of ethylmercaptan for its characteristic odor that causes 
irritation and breathing troubles. To study this, we became interested to examine the 
LPG leaks using the materials prepared in view of –SH groups of ethyl-mercaptan has 
strong tendency to interact with molecules like PPy and BN at room temperature 
(~25°C). Source of LPG was a commercial lighter with regulated flow rate and amount 
of LPG used for sensing study was 2 gm.  
 Dhawale et al have been synthesized polyaniline/ZnO nanocomposite using 
electrodepositing polyaniline on chemical bath deposited ZnO film. They explained 
liquefied petroleum gas (LPG) detection using as prepared nanocomposite and 
compared with N2 and CO2 gases and LPG exhibited maximum response upon exposure 
of LPG.47 Later, S. Barkade et al have been synthesized PPy/ZnO nanocomposite using 
in situ miniemulsion polymerization of pyrrole, which is suitable for liquefied 
petroleum gas (LPG) sensor development. They observed that the controlled size of 
hybrid particles using this synthesis strategy minimizes the response time to sense the 
LPG significantly.48 However, we have observed the effect of ambient air exposure to 
the polypyrrole is to decrease the electrical conductivity in our previous work.49 But 
herein we have tried to look forward our continued effort and examine the effect of 
LPG molecules upon electrical conductivity (Figure-3.10). 
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Figure-3.10 Real set up of gas sensor unit and schematic of four probe measurement 
unit. 
 
The LPG gas sensitivity of PPy-2 was analysed by measuring the changes in the 
electrical conductivity at room temperature. The response time and the sensing intensity 
are the two different factors on which gas sensitivity of PPy-2 was investigated. Gas 
sensitivity was measured for 60 seconds after which the pellet was exposed to air for 
further 60 seconds. When PPy-2 was exposed to gas, it was observed that the electrical 
conductivity decreased with increase in time. The reason for this observed decrease 
may be due to the nucleophilic property of thiol group of ethylmercaptan, the inherent 
component of LPG which donates its electron density to electron deficient polypyrrole. 
This decreases mobility of charge carriers leading to decrease in electrical conductivity. 
This lowering in charge carriers alongwith decreased delocalization causes drop in 
electrical conductivity. When the pellet was exposed to air, the electrical conductivity 
started to increase with time and reached its maximum value after 60 seconds reason 
being desorption of ethylmercaptan from the surface of PPy-2. 
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Figure-3.11 Effect on the DC electrical conductiviy of PPy-2 on exposure to LPG 
with respect to time. 
 
 
 
Figure-3.12 Variation in electrical conductivity of PPy-2 on alternating exposure to 
LPG and air. 
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The DC electrical conductivity was measured in order to evaluate the reversibility 
response of PPy-2. This reversibility was measured by first keeping the sample in gas 
for 10 sec followed by 10 sec in air for a total duration of 120 seconds. As observed 
from Figure-3.12 the material shows good reversibility.  
 The gas sensitivity of PPy/BN-2 was analysed by measuring the changes in the 
electrical conductivity at room temperature. Gas sensitivity was measured for 60 
seconds after which the pellet was exposed to air for further 60 seconds. When PPy/BN-
2 was exposed to gas, it was observed that the electrical conductivity sharply decreased 
with increase in time and then levelled off for the reasons mentioned in previous para. 
When the pellet was exposed to air, the electrical conductivity started to increase with 
time and then decreased and became constant. It may be suggested that the 
nanocomposite is composed of two components viz. binary doped PPy and BN salt with 
CSA. The two components interact with the lone pair of ethyl-mercaptan differently i.e. 
reversible interaction with binary doped polypyrrole and irreversible interaction with 
BN salt with CSA. 
 The DC electrical conductivity of PPy/BN-2 composite was also measured in 
order to evaluate the reproducibility response as it was done in previous case. The 
reproducibility was measured by first keeping the sample in gas for 10 sec followed by 
10 sec in air for a total of 120 seconds. It may be observed from Figure-3.14 that the 
nanocomposite showed poor reversibility than PPy-2, which confers that there occurs 
no desorption of gas molecules from the surface. 
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Figure-3.13 Effect on the electrical conductiviy of PPy/BN-2 on exposure to LPG 
with respect to time. 
 
 
Figure-3.14 Variation in conductivity of PPy/BN-2 on alternating exposure to LPG 
and air. 
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3.5.1 Proposed mechanism for LPG sensing: 
 
 
Scheme- 1 Proposed interaction between LPG gas and (a) PPy-2, (b) PPy/BN-2. 
 
The sensing mechanism of LPG gas was explained on the basis of adsorption and 
desorption process through the DC electrical conductivity at room temperature. A 
variation occurs in the DC electrical conductivity after exposure to LPG. As the PPy-2 
is exposed to LPG, the electrical conductivity decreases. The decrease in electrical 
conductivity is attributed to the decrease in charge carriers as the LPG molecules reach 
the surface of PPy-2. When the pellet is then exposed to air, the electrical conductivity 
again reaches the starting value. In case of PPy/BN-2 nanocomposite, the DC electrical 
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conductivity decreases after exposure to LPG and remains almost same after exposure 
to air. The change in DC electrical conductivity may be due to physico-chemical 
adsorption between nanocomposite and absorbed gas molecules. 
 The chemical composition of LPG is butane, propane, traces of ethyl mercaptan 
and other hydrocarbons. At room temperature only ethyl mercaptan is reactive, butane, 
propane and other hydrocarbons do not react. In case of PPy-2, the ethyl mercaptan is 
adsorbed on the surface via interaction between lone pairs of sulfur and polaron of the 
polypyrrole ring. This interaction leads to localization of polypyrrole ring electrons 
which in turn causes the decrease in mobility of charge carriers thereby decreasing 
electrical conductivity. 
 In case of PPy/BN-2 nanocomposite, the lone pairs of nitrogen and polarons of 
polypyrrole ring interact with electron deficient nitrogen and negatively charged boron 
atoms of boron nitride ring, respectively. As the LPG gas interacts with this 
nanocomposite, the lone pairs of sulfur atom of ethyl mercaptan bind strongly with 
polarons of the polypyrrole ring, which decreases the electrical conductivity. After the 
composite is exposed to air the irreversible nature of conductivity is observed because 
of the strong interaction of ethyl mercaptan with polarons of the polypyrrole ring. 
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3.6 Conclusion 
The PPy/BN nanocomposite with and without CSA was successfully synthesized by in-
situ polymerization method. FTIR and XRD analysis confirmed the presence of BN and 
PPy. FESEM analysis shows uniform dispersion of the BN in the polypyrrole and effect 
of CSA clearly seen. The DC electrical conductivity observed with the addition of CSA 
in PPy/BN nanocomposite. The results highlighted that this material can be applied in 
gas sensing field to develop LPG sensors with performances for practical application. 
Therefore, the sensor based on PPy/BN-2 may be useful for single shot investigations 
i.e. as dosimeter. 
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4.1 Introduction 
A central goal in polymer synthesis is to directly convert simple chemical building 
blocks into useful materials. While a wide variety of interesting and potentially 
important structurally complex polymers have been discovered through recent 
research efforts, for example, biopolymers, advanced polymer networks, responsive 
materials and so on, their synthesis via traditional methods can sufficiently be 
complicated to limit their accessibility especially with the efficiency often demanded 
in polymer synthesis. One area where structure complexity has proven particularly 
significantly is in the field of π-conjugated polymers. The development of 
polyheterocycles such as polypyrrole,1 polythiophene,2,3 and others4-6 and their 
copolymers has revitalised how scientists create a host of organic electronics, such as 
semiconductors, photovoltaic devices or sensors.7-10 
 Conducting polymer-based nanocomposites containing metallic or 
semiconducting nanoparticles provide exciting systems to investigate with the 
possibility of designing device functionality.11 There are lot of studies on synthesis, 
characterization and applications of nanocomposites with diverse combinations of 
conducting polymers such as polypyrrole, polyaniline, poly (3,4-
ethylenedioxythiophene) and metallic/semiconducting nanoparticles.12-15 The 
composites combining two conducting components, a metal and an organic 
semiconductor, are expected to exhibit a good level of electrical conductivity as well 
as tunable physical, chemical and responsive properties.16-19 Among them, 
polypyrrole and polyaniline composites have most frequently been studied such as 
energy storage devices.20,21 
 The physical properties of boron nitride (BN) are mostly governed by its 
atomic structure. BN is isoelectronic with graphite and therefore h-BN is also known 
as “white graphite.” h-BN consists of a layered structure comprising a network of 
(BN)3 rings. Although, graphite has metallic conductivity, BN is an insulator due to 
the covalent interlayer bonding of the boron and nitrogen atoms which localizes the 
free electrons. This also explains the difference in colors of graphite (black) and BN 
(white).22 Recently, BN has attracted considerable attention for its several unique 
features such as hardness, high-temperature stability, high thermal conductivity, high 
melting point, high volume resistivity, high corrosion resistance, high dielectric 
breakdown strength, good resistance to oxidation, and its chemical inertness. It also 
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has wide range of applications ranging from optical storage to medical treatment, 
photocatalysis, optoelectronic devices, coatings and electrical insulation.23,24 
 In view of above mentioned properties, herein we describe our efforts towards 
the development of polypyrrole enwrapped BN/Ag with concentric core/shell 
structure. Compared with the corresponding single and two component samples, the 
three component PPy-BN-Ag system exhibited enhanced electrical conductivity 
which may be due to fast charge carriers transfer rate.  Moreover, thermal stability of 
electrical conductivity has increased impressively.  To the best of our knowledge, this 
is the first attempt to induce such electrical conductivity in a non-conducting boron 
nitride with simultaneous enhancement in electrical conductivity via decoration of Ag 
nanoparticles enwrapped by polypyrrole.  Therefore, BN modified, polypyrrole 
enwrapped materials may prove to be an exciting area of research as due to the 
synergism between the constituents the resulting PPy nanocomposite is expected to 
have unique properties such as enhanced DC electrical conductivity and 
electrochemical studies. 
 
4.2 Experimental 
 
4.2.1 Materials 
Pyrrole 99% (Spectrochem, India), ferric chloride anhydrous (Fisher Scientific, 
India), boron nitride (MK Nano, Canada), silver nitrate (Sigma, USA), 
polyvinylpyrrolidone (Sigma-Aldrich), N,N-dimethylformamide (CDH, India) and 
methanol (E. Merck, India) were used as received. The water used in these 
experiments was double distilled. 
 
4.2.2 Synthesis of PPy, BN/Ag and PPy/Ag@BN 
FeCl3 doped PPy was synthesised by oxidative polymerization method. To a solution 
of pyrrole (0.05 mol) in 100 mL distilled water was added drop wise a solution of 
ferric chloride (0.05 mol) in 100 mL distilled water. The reaction mixture was then 
stirred continuously for about 20 h resulting in the formation of black colored solid. 
The product thus formed was filtered and washed several times with distilled water, 
methanol and kept in an air oven at 80°C for 6 hrs. 
 Boron Nitride and silver nitrate (1:1 molar ratio) were put into 50 mL teflon-
lined stainless steel autoclave containing 30 mL of N,N-dimethylformamide (DMF). 
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0.1 mmol PVP was then added into the above solution and the autoclave was kept at 
160°C for 8 hours. The autoclave was then cooled to room temperature and product 
was isolated by centrifugation. The obtained product was washed with deionized 
water and absolute ethanol for three times and finally dried at 80°C for 12 hours. In 
this reaction, DMF was used as a solvent as well as reducing agent to reduce Ag+ to 
Ag. PVP was added as a stabilizer. 
 Pyrrole (0.05 mol) in 100 mL distilled water and BN/Ag (500 mg, previously 
sonicated for one hour) in 100 mL distilled water were mixed and stirred continuously 
for 10 minutes. A solution of ferric chloride (0.05 mol) in 100 mL distilled water was 
poured dropwise into the mixture. The reaction mixture was then stirred continuously 
for about 12 hrs resulting into the formation of black colored solid compound. The 
product PPy/Ag@BN was filtered and washed several times with distilled water and 
methanol and kept in an air oven at 80°C for 6 hrs. For electrical conductivity 
measurements, 150 mg material from each sample was pelletized at room temperature 
with the help of a hydraulic pressure instrument at 80 kN pressure applied for 15 min. 
 
4.2.3 Characterization 
The morphology, structure and chemical composition of the FeCl3 doped PPy, BN/Ag 
and PPy/Ag@BN were studied by a variety of techniques. The fourier transform 
infrared spectroscopy (FTIR) carried out using a Perkin-Elmer 1725 instrument. X-
ray powder diffraction (XRD) data were recorded by Bruker D8 diffractometer with 
Cu Kα radiation at 1.540 ˚A in the range of 5˚ ≤ 2θ ≤ 70˚ at 40 kV. 
Thermogravimetric analysis (TG, DTA, DTG) was performed on the selected samples 
of the nanocomposites by Perkin Elmer (Pyris Dimond) instrument, heating the 
samples from ~24 °C to ~1000 °C at the rate of 10 °C min-1 in nitrogen atmosphere at 
the flow rate of 200 mL min-1. Field emission scanning electron microscopy (FESEM) 
and Energy dispersive x-ray analysis (EDX) carried out using a LEO 435-VF. 
Transmittance electron microscopy (TEM) was done using Technai G2 20 S-TWIN. 
PPy and PPy/Ag@BN were studied in terms of DC electrical conductivity retention 
by isothermal and cyclic ageing technique. A four-in-line probe with a temperature 
controller was used for thermal stability, PID-200 (Scientific Equipment, Roorkee, 
India) was used to measure the DC electrical conductivity measurements and its 
temperature dependence. The DC electrical conductivity was calculated by using the 
following equation: 
Chapter 4 
91 
 
𝜎 =
[𝐼𝑛2(
2𝑆
𝑊
)]
[2𝜋𝑆(
𝑉
𝐼
)]
          Equation-1 
 where I, V, W and S are the current (A), voltage (V), thickness of the pellet 
(cm) and probe spacing (cm) respectively and σ is the conductivity (Scm-1).25 In 
isothermal stability testing, the pellets were heated at 50°C, 70°C, 90°C, 110°C and 
130°C in an air oven and the DC electrical conductivity was measured at an interval 
of 5 min in the accelerated ageing experiments. In the case of cyclic ageing technique, 
DC conductivity measurements were taken 5 times at an interval of about 80 min 
within the temperature range of 50– 150°C. For the electrochemical cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) studies, the 
methodology and details of sample preparation can be seen elsewhere.26 For electrical 
conductivity and sensing measurements, 150 mg of each sample was pelletized at 
room temperature with the help of a hydraulic pressure instrument at 80 kN pressure 
applied for 15 min. The relative humidity was about 40% and room temperature was 
~25°C. All the measurements were performed in a laboratory fuming chamber. 
 
4.3 Results and Discussion  
 
4.3.1 FTIR spectroscopic study  
Figure-4.1 shows the FT-IR spectra of as prepared FeCl3 doped PPy, BN/Ag and 
PPy/Ag@BN. The absorption peak at 3424 cm-1 was assigned to N–H stretching 
vibrations of PPy. The bands of characteristic stretching frequencies for pyrrole ring 
C=C, C=N and C-N were obtained at 1542, 1466, 1299 cm-1 respectively. The band at 
915 cm-1 correspond to CN+C stretching  and has been attributed to the polaron 
band characteristic of the doping, suggesting that the PPy support is in its oxidized 
state and contains positively charge entities (N+).27 The absorptions band obtained 
around 1371 cm-1 may be attributed to BN stretching of BN/Ag.28 In case of 
PPy/Ag@BN nanocomposite, the N–H, C=C, C=N and C–N stretching frequencies 
were slightly shifted and were present at 3414, 1535, 1456 and 1291 cm-1 
respectively. The characteristic peak at 1391 cm-1 was attributed to BN stretching 
frequency of PPy/Ag@BN. The slight decrease in the N–H, C=C, C=N and C–N 
stretching frequencies may probably be attributed to the interaction of PPy with 
BN/Ag nanoparticles. 
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4.3.2 XRD analysis 
Figure-4.2 shows XRD patterns of the samples. In case of FeCl3 doped PPy (Figure-
4.2a), a peak observed at 2θ 24.50° is assigned to the repeating units of pyrrole. The 
observed peak is highly crystalline in comparison to other reports indicating an 
ordered arrangement of PPy units, hence suggesting the efficacy of the method of 
preparation of an ordered PPy.29,30 In  Figure-4.2b the peaks at 2θ values of 25.66°, 
37.10°, 40.83°, 43.55°, 49.24°, 54.23° and 76.81° correspond to BN. The very intense 
and well defined peak at 25.66 corresponds to the (002) diffraction peak of BN. The 
observance of peaks at higher 2θ values of BN and absence of any other peaks 
suggests that BN is highly crystalline and in pure state. In case of BN/Ag, some BN 
and Ag peaks have merged resulting into either decrease or increase in the peak 
intensity as shown in Figure-4.2c. The peak of BN at 2θ ~25.66° merged with the 
(101) anatase phase of Ag and similarly peak at 2θ ~37.10° merged with the (111) 
anatase phase of Ag.31 The presence of new peak at higher 2θ ~63.67° corresponding 
to (220) anatase phase of Ag suggests the formation of BN/Ag.32 The change in 
intensities of BN peaks suggests that Ag has been grafted into the BN system which 
may give BN/Ag of uniform properties. On further polymerization of pyrrole with 
BN/Ag, most low intensity peaks of BN completely disappeared. This may be 
attributed to the amorphous PPy might have shadowed the low intensity peaks of BN 
(Figure-4.2d). Therefore, XRD analysis indicate the presence of BN, Ag and PPy in 
PPy/Ag@BN. 
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Figure-4.1 FT-IR spectra of: (a) BN/Ag, (b) PPy and (c) PPy/Ag@BN. 
 
 
 
Figure-4.2 XRD patterns of: (a) PPy, (b) BN, (c) BN/Ag and (d) PPy/Ag@BN. 
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4.3.3 TG/DTG/DTA studies 
TG, DTG and DTA curves of FeCl3 doped PPy and PPy/BN/Ag are shown in Figure-
4.3. The degradation process of PPy, the initial weight loss was observed at 50-150°C 
attributed due to the volatilization of water molecules as shown in Figure-4.3a. 
Subsequent and final weight loss starting from 200 is attributed to thermo oxidative 
degradation of the PPy chains and volatilization of FeCl3. DTA curve shows a broad 
exothermic peak at ~285°C for PPy which can be attributed to the glass transition 
temperature of the polymer and DTG analysis showed peaks corresponding to 
decomposition of PPy at 64°C, 283°C and 604°C with 42 µg/min, 78 µg/min and 131 
µg/min weight loss respectively. 
 Figure-4.3b shows the TG, DTG and DT analyses of PPy/BN/Ag 
nanocomposite. From TG curve, it was observed that the thermal stability of 
composite is higher than that of PPy. The shift in decomposition temperature may be 
related to the interaction between PPy and BN/Ag. The first weight loss of ~3%, 
observed at 50°C to 150°C, may be attributed to the evaporation of water molecules 
from polymer framework. Second weight loss of ~8%, observed at 151°C to 400°C 
corresponded to the loss of dopant and organic molecules. A further significant 
weight loss observed between 401°C to 650°C was attributed to polypyrrole 
degradation. The remaining weight ~40% may be calculated the amount of BN/Ag in 
the nanocomposite. DT and DTG analysis showed behavior different to that of PPy 
and are given in Figure-4.3b. 
 
4.3.4 Scanning electron micrograph studies 
Figure-4.4 presents FESEM images of FeCl3 doped PPy, BN/Ag and PPy/Ag@BN. 
Figure-4.4a shows that PPy exhibits a globular morphology. In case of BN/Ag 
(Figure-4.4b), the silver nanoparticles form relatively uniformly dispersed small 
clusters on the surface of boron nitride nanosheets. The morphology of PPy/Ag@BN 
nanocomposite is entirely different from PPy. Figure-4.4c&d reveals that PPy 
provides a smooth platform for the anchoring of BN/Ag and is distributed in the form 
of agglomerates with PPy because of the nucleation effect of BN/Ag, giving globular 
cluster like morphology. The presence of polypyrrole, boron nitride and silver 
nanoparticles were also confirmed by EDX analysis (Figure-4.5). 
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Figure-4.3 Thermal gravimetric analysis of: (a) PPy and (b) PPy/Ag@BN. 
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Figure-4.4 FE-SEM images of: (a) PPy, (b) BN/Ag and (c & d) PPy/Ag@BN. 
 
 
Figure-4.5 EDX spectra of PPy/Ag@BN. 
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4.3.5 Transmission electron micrograph studies 
TEM micrographs of the BN/Ag and PPy/Ag@BN nanocomposites are shown in 
Figure-4.6. From the Figure-4.6a&b the black spots show silver nanoparticles on 
grey background of boron nitride nanosheets. It is clear that silver nanoparticles are 
spherical in shape with diameter in the range of 20-30 nm.  In case of PPy/Ag@BN 
(Figure-4.6c&d), the black spots exhibit silver nanoparticles on grey background of 
boron nitride nanosheets and PPy matrix. Considering both TEM micrographs and 
XRD patterns, one can say that silver nanoparticles are dispersed in boron nitride 
nanosheets as well as polypyrrole matrix with a very little aggregation. 
 
 
Figure-4.6 TEM images of: (a & b) BN/Ag and (c & d) PPy/Ag@BN. 
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4.4 DC Electrical Conductivity Studies 
The DC electrical conductivity of FeCl3 doped PPy and PPy/Ag@BN was measured 
using a 4-in-line probe technique as shown in Figure-4.7. The electrical conductivity 
showed increase from 0.0367 Scm-1 to 0.423 Scm-1 after loading with BN/Ag. BN/Ag 
showed much higher electrical conductivity in the range of metallic which seems due 
to the high conductivity of Ag. The observed increase in electrical conductivity may 
be attributed to the progressive development of electronic path for hopping or 
tunnelling through BN/Ag. During the polymerization of pyrrole, FeCl3 forms a 
conductive donor-acceptor complex containing polarons/bipolarons with increased the 
mobility and in turn causes increase in electrical conductivity. Equimolar 
concentration of Ag nanoparticles as well as boron nitride was blended in BN/Ag. 
Here, the study undertaken was to know how the simultaneous combination of 
insulator, semiconductor and conductor affects the electrical conductivity of resultant 
product and how it varies with temperature. It was observed that the electrical 
conductivity of BN/Ag and PPy/Ag@BN was greatly influenced by addition of Ag 
nanoparticles. The enwrapment of BN/Ag with polypyrrole covers the layer between 
two dipole which leads to a development of partition layer between BN/AgBN/Ag.  
Polypyrrole enwrapped BN/Ag also showed enhanced resultant size which caused 
decrease in mobility of charge carriers and in turn reduced the electrical conductivity. 
The initial increase in electrical conductivity of PPy/Ag@BN compared to PPy could 
be attributed to the presence of Ag nanoparticles interconnections between the boron 
nitride and polypyrrole. 
 
4.4.1 Isothermal stability studies 
The stability in terms of DC electrical conductivity retention of PPy and PPy/Ag@BN 
was studied under isothermal ageing conditions as shown in Figure-8. The relative 
electrical conductivity was plotted against time for each temperature as calculated by 
the equation below: 
 
                               Equation-2                              
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Figure-4.7 Initial DC electrical conductivity of: (a) PPy and (b) PPy/Ag@BN. 
 
 
Figure-4.8 Change in relative electrical conductivity of: (a) PPy and (b) PPy/Ag@BN 
nanocomposites under isothermal ageing conditions. 
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where σr,t = relative electrical conductivity at time t,   σt = electrical conductivity at 
time t, σo = electrical conductivity at time zero.  
 The stability in terms of DC electrical conductivity retention of these 
materials, the best method is to compare the relative electrical conductivity with 
respect to time at different temperatures for different samples. The DC conductivity of 
the samples (5 readings of each sample were taken at an interval of 5 min) was 
measured at the temperatures 50, 70, 90, 110 and 130°C. Figure-4.8a shows that the 
electrical conductivity of PPy is fairly stable at 50°C, 70°C, 90°C and 110°C. In case 
of PPy/Ag@BN, electrical conductivity is fairly stable at 50°C, 70°C and 90°C as 
shown in Figure-4.8b. Thus PPy is observed to be more stable than PPy/Ag@BN in 
the term of electrical conductivity under isothermal aging condition. 
 
4.4.2 Stability under cyclic ageing 
The stability in terms of DC electrical conductivity retention of PPy and PPy/Ag@BN 
was also studied by cyclic ageing technique also within the temperature range of 40°C 
to 150°C as shown in Figure-4.9. The conductivity measurements were also recorded 
for subsequent cycles and it was observed that the conductivity decreased gradually 
from first to fifth cycle showing a regular trend in all the cases. The relative electrical 
conductivity was calculated using the following equation: 
    Equation-3 
 where σr is relative electrical conductivity, σT is electrical conductivity at 
temperature T (°C) and σ40 is electrical conductivity at 40°C. 
 PPy and PPy/Ag@BN showed an increase in electrical conductivity at higher 
temperature which is normal thermal activation behaviour. The subsequent cycle 
showed almost similar behaviour but PPy/Ag@BN showed higher electrical 
conductivity than PPy. The increase in electrical conductivity during the cyclic aging 
condition may be due to various competing factors like, the annealing effect during 
heating/cyclic aging conditions, the removal of trapped moisture from the pallet, the 
high electrical conductivity of Ag (in case of PPy/Ag@BN) and elevation of 
temperature leading to increased number of charge carriers etc. 
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Figure-4.9 Relative Electrical conductivity of: (a) PPy and (b) PPy/Ag@BN under 
cyclic ageing conditions. 
 
Figure-4.10 I-V characteristics of: (a) PPy and (b) PPy/Ag@BN. 
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4.4.3 I-V studies 
From voltage verses current graph as shown in Figure-10, it may be observed that the 
PPy shows higher voltage than PPy/Ag@BN at room temperature and at a particular 
current value. As conductivity is inversely proportional to voltage, it may be inferred 
that the greater electrical conductivity is shown by PPy/Ag@BN in comparison to 
PPy. The characteristics of PPy showed Ohmic variations which are completely 
symmetrical with respect to voltage. PPy/Ag@BN also showed Ohmic variations 
which are also fairly symmetrical with respect to the voltage. As the voltage 
increases, the formation of polarons and bipolarons increases rapidly contributing to 
higher values of current through the sample. The conduction in the metallic regions 
occurs by the hopping of charge carriers in PPy/Ag@BN. 
 
4.5 Electrochemical Studies 
 
4.5.1 Cyclic voltammetry 
CV was performed to examine the initial capacitive behavior of PPy and 
PPy/Ag@BN nanocomposite at different scan rates. The capacitance was calculated 
from the CV curve using the following equation: 
 
       Cs = ʃIdV/(∆VMν)              Equation-4 
 
where, I is the average current during the cathodic and anodic sweep, V is the 
potential and M is the weight of active material coated on the carbon paper electrode. 
Figure-4.11 show the CV curve of PPy and PPy/Ag@BN at different scan rate 
respectively. The capacitance of PPy were found to be 585.6, 344.2, 283.3, 109.6, 
322.2, 229.8 F/g at 10, 20, 40, 50, 80 and 100 mV/s whereas for PPy/Ag@BN the 
obtained values were 310.4, 223.6, 240.4, 209.8, 193, 183.8 F/g at same respective 
scan rates. At very low scan rates, the capacitance value is generally higher because 
the ions have a much longer time to enter and exist in the available electrode pores to 
form electric double layers, which are needed to generate higher capacitance.33 Wang 
et al. reported carbon nanotubes functionalized PPy with capacitance values ~200 F/g 
at high scan rates,34 similarly Du et al. reported PPy–Tin with 137.5 F/g capacitance 
at low scan rate.35 Thus the reported value of capacitance for PPy/Ag@BN (~310-183 
F/g) in the present case is well in agreement or little bit higher than the reported 
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capacitance values mentioned in reports. The slightly lower value of capacitance for 
PPy/Ag@BN than PPy observed here may be due to the insulating nature of BN 
which hinders ion transport.36 Due to the high thermal stability of PPy/Ag@BN over 
PPy and good capacitance values, the PPy/Ag@BN nanocomposite is expected to find 
applications in range of electrical and electrochemical devices.  
 
4.5.2 Electrochemical impedance spectroscopy 
EIS technique was further used to examine the electron-transfer properties and 
electrochemical behavior at the electrode/electrolyte interface of the PPy and 
PPy/Ag@BN composite electrodes. Figure-4.12 depicts the impedance spectra of 
PPy and PPy/Ag@BN electrodes studied in KOH electrolyte aqueous solution. The 
high frequency region intercept of the semicircle on the real axis in the impedance 
spectra gives the idea of the total combined resistance i.e. the resistance  offered by 
the electrolytic solution, the intrinsic resistance of the active material and the contact 
resistance of the interface. The large arc diameter of the Nyquist impedance plots 
depicts large charge transfer resistance at the surface of electrodes and vice versa.37 
As compared to PPy/Ag@BN, the PPy showed much smaller semicircular arc in the 
Nyquist plots, thereby indicating much lower charge transfer resistance than 
PPy/Ag@BN. The lower charge transfer resistance of PPy may be due to its higher 
conductivity than PPy/Ag@BN where change transfer is hindered due to the 
insulating properties of BN as discussed earlier. These results are in accordance with 
the CV studies.38 
 
 
Figure-4.11 Cyclic voltammograms with different scan rates of: (a) PPy and (b) 
PPy/Ag@BN. 
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Figure-4.12 EIS Nyquist plot of: (a) PPy and (b) PPy/Ag@BN. 
 
4.6 Sensing  
The gas sensing behavior of FeCl3 doped PPy and PPy/Ag@BN was studied by 
determining the change in electrical conductivity with respect to time on exposure to 
CO2 gas followed by exposure to air. Both the samples were exposed to CO2 gas for 1 
min, and then kept in ambient atmosphere for 1 min. The electrical conductivity 
experiments were performed on FeCl3 doped PPy and PPy/Ag@BN and the change in 
DC electrical conductivity was attributed to the physico-chemical adsorption-
desorption of CO2 gas by these samples due to dedoping effect of CO2.  
 As may be observed from the Figure-4.13, the electrical conductivity of PPy 
decreased upon exposure to CO2 gas. When the gas flow was stopped and the sample 
was brought in ambient air for 1 min, the electrical conductivity increased 
approximately to its original value. In order to evaluate the reversibility response of 
PPy, the sample was exposed to CO2 gas for 5 sec and then kept in ambient air for 5 
sec. The same procedure was repeated for a total duration of 45 sec as shown in 
Figure-4.14 showing fairly good reversibility by PPy. 
 Figure-4.15 shows the electrical conductivity response of FeCl3 doped 
PPy/Ag@BN upon exposure of CO2 gas. As may be observed that the electrical 
conductivity of PPy/Ag@BN decreased rapidly in comparison to that in PPy upon 
exposure of CO2 gas. When the gas flow was stopped and the sample was kept in 
ambient air, the electrical conductivity increased rapidly to its original value. To 
evaluate the reversibility response, the PPy/Ag@BN sample was exposed to CO2 for 
5 sec and then kept in ambient air for 5 sec. The same procedure was repeated for a  
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Figure-4.13 Effect on the DC electrical conductiviy of PPy on exposure to CO2 with 
respect to time. 
 
 
Figure-4.14 Variation in electrical conductivity response of PPy on alternate 
exposure to CO2 and air. 
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total duration of 45 sec as shown in Figure-4.16. It may be observed from the Figure-
4.16 that the PPy/Ag@BN showed rapid and enhanced reversibility than that in PPy. 
If we compare the electrical conductivity response and reversibility results of PPy and 
PPy/Ag@BN as shown in Figure-4.13, 4.14, 4.15 and 4.16, it may be inferred from 
the data that the PPy/Ag@BN showed rapid and enhanced response towards change 
in electrical conductivity upon exposure of CO2 gas in comparison to PPy.. 
 
Figure-4.15 Effect on the DC electrical conductiviy of PPy/Ag@BN on exposure to 
CO2 with respect to time. 
 
Figure-4.16 Variation in electrical conductivity response of PPy/Ag@BN on alternate 
exposure to CO2 and air. 
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4.6.1 Sensing mechanism 
PPy is a p-type doped conducting polymer in which majority of charge carriers are 
holes and FeCl4¯ are the counter ions. CO2 is an electron donor and therefore interacts 
at the polaron sites of PPy which results into the decrease in the charge intensity of 
polarons as well as restrict the mobility of polarons as evident from the Figure-4.17. 
This results into the decrease in the electrical conductivity of FeCl3 doped PPy on 
exposure to CO2.
39 The initial electrical conductivity of FeCl3 doped nanocomposite is 
much higher than that of FeCl3 doped PPy which may be attributed to the increase in 
the number of polarons on account of interaction with BN/Ag as well as higher 
polaron mobility on BN/Ag network.40 In case of FeCl3 doped PPy/BN/Ag 
nanocomposite, CO2 decreases the charge intensity of polarons as well as restrict the 
mobility of polarons rapidly. Desorption of CO2 is also rapid in case of 
nanocomposite in comparison to that in PPy. 
 
Figure-4.17 Plausible mechanism of adsorption-desorption of CO2 gas on (a) PPy and 
(b) PPy/Ag@BN. 
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4.7 Conclusion  
PPy and PPy/Ag@BN nanocomposite were prepared successfully via a simple 
chemical route. Silver nanoparticles were successfully deposited on boron nitride via 
a simple facile synthesis route. XRD and morphological analysis confirms the boron 
nitride decorated with silver nanoparticles and enwrapped with polypyrrole in BN/Ag 
and PPy/Ag@BN. The PPy/Ag@BN nanocomposite showed higher DC electrical 
conductivity than PPy. Both PPy and PPy/Ag@BN showed Ohmic behaviour. The 
electrochemical supercapacitive performance shows that PPy has higher capacitance 
than PPy/Ag@BN which might be due to higher conductivity of PPy as PPy/Ag@BN 
shows poor conductivity due to the insulating nature of BN. The nanocomposite also 
showed rapid response towards CO2 gas sensing. Moreover, this route opens the door 
for the preparation of diﬀerent nanoparticle-based nanocomposite materials for CO2 
sensing and supercapacitor applications. 
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5.1 Introduction   
Conducting polymers, synthesized by Nobel Prize awardees Shirakawa, MacDiarmid 
and Heeger, has emerged as class of polymeric materials of very high rank.1 Further, 
they have established their feet in commercial usage especially in optical and 
microelectronic devices, chemical sensors, catalyzers, drug delivery system and 
energy storage systems.2-9 In the age of nanoscience and nanotechnology, 
development of nanostructures from the conducting polymers, for manufacturing 
nanowires/nanotubes in particular, have engrossed by a large number of scientists and 
researchers world over.10 The chemical gas sensors based on nanowires have 
established their position in the fields of clinical assaying, environmental emission 
control, explosives detection, agricultural storage and shipping and workplace hazards 
monitoring. Conducting polymers such as PPy, polyaniline, polythiophene and their 
nanocomposites have also been employed for the sensing of organic vapors such as 
methanol, ethanol, chloroform, dichloromethane, hexane etc. Other analytes 
encompass amino acids, polyhydric compounds, water vapor, hydrogen sulfide, 
hydrochloric acid, ammonia etc.11-16 Many studies on chemical sensors have been 
done in recent times but it would remain a matter of confrontation for researchers to 
develop or produce the efficient, effective, scalable and precise sensor systems based 
on nanostructured materials. 
 In silicon carbide (SiC), the interest is driven by numerous potential 
applications due to its outstanding properties such as having high mechanical strength, 
tunable wide band gap, auspicious for high temperature, high frequency and high 
hardness applications.17-22 Recently nanocomposites of SiC with PPy and Pani were 
synthesized and investigated for their electrical conductivity, magnetoresistive and 
their physiochemical properties.23-26 
 In the present work, PPy and PPy/SiC nanocomposites are synthesized via 
oxidative chemical polymerization method using ferric chloride as an oxidant and in 
presence and absence of dodecylbenzene sulfonic acid as surfactant. The thermal 
stability, morphology, thermal dc electrical conductivity and chlorine gas sensing of 
resulting PPy and PPy/SiC nanocomposite are investigated.  The resulting PPy 
exhibits rapid response and is highly sensitive towards chlorine gas as compared to 
PPy and PPy/SiC nanocomposites. 
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5.2 Experimental 
 
5.2.1 Materials  
Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride (Fisher Scientific, 
India), silicon carbide ~50 nm (MK Nano Canada), dodecylbenzene sulfonic acid 
(DBSA) (TCI, Tokyo) and methanol (E. Merck, India) were used as received. The 
water used in these experiments was double distilled. 
 
5.2.2 Preparation of PPy and PPy/SiC nanocomposites 
PPy and PPy/SiC nanocomposites were prepared by oxidation of pyrrole in aqueous 
medium using FeCl3 as an oxidant and DBSA as surfactant. PPy was synthesized by 
oxidative polymerization method. Pyrrole (0.05 mol) in 100 mL of distilled water was 
agitated. A solution of ferric chloride (0.05 mol) in 100 mL distilled water was then 
poured drop-wise into the aqueous suspension of pyrrole. The reaction mixture was 
then stirred continuously for about 10 h which resulted into the formation of black 
colored slurry. The product thus formed was filtered and washed several times with 
distilled water followed by methanol, dried in an air oven at 80°C for 6 h and stored in 
a desiccator for further experimentation. 
 Likewise, PPy/SiC nanocomposites were prepared using the method described 
above while ultra-sonicated SiC nanoparticles (200 mg in 100 mL) were added to 
reaction mixture in presence and absence of DBSA (5 m mole). As prepared 
nanocomposites were washed, dried, converted to fine powder and stored in a 
desiccator for further analysis. Thus prepared material were designated as PPy, 
PPy/SiC and PPy/SiC/DBSA respectively.  
 
5.2.3 Characterization  
The Fourier transform infrared spectroscopy (FTIR) spectra were recorded using 
Perkin-Elmer 1725 instrument on KBr pallets. To study the surface morphology, the 
field emission-scanning electron microscopy (FE-SEM) was done using LEO 435-VF 
microscope. The thermogravimetric analysis was performed on the selected samples 
of the nanocomposites by Perkin Elmer (Pyris Dimond) instrument, heating the 
samples from ∼24 °C to ∼1000°C at the rate of 10 °C min−1 in nitrogen atmosphere at 
the flow rate of 200 mLmin-1. X-ray diffraction (XRD) data were recorded by Bruker 
D8 diffractometer with Cu Kα radiation at 1.540 A˚ in the range of 5° ≤ 2θ ≤ 70° at 40 
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kV. The thermal stability of PPy and PPy/SiC nanocomposites were studied in terms 
of DC electrical conductivity retention under isothermal and cyclic ageing conditions 
by using a four-in-line probe with a temperature controller (PID-200, Scientific 
Equipments, Roorkee, India). The DC electrical conductivity was calculated by using 
the equation: 
𝜎 = [𝑙𝑛2 (
2𝑆
𝑊
)] / [2𝜋𝑆 (
𝑉
𝐼
)]       Equation: 1 
 where I, V, W and S are the current (A), voltage (V), thickness of the pellet 
(cm) and probe spacing (cm) respectively and σ is the conductivity (Scm-1).27 In 
isothermal stability testing, the pellets were heated at 50°C, 70°C, 90°C, 110°C, 
130°C and 150°C and the DC electrical conductivity was measured at an interval of 
10 min in the accelerated ageing experiments. In case of cyclic ageing testing, DC 
conductivity measurements were done 5 times at an interval of about 80 min within 
the temperature range of 40 – 150°C. Sensing study was done using four-in-line probe 
(PID-200, Scientific Equipments, Roorkee, India). For electrical conductivity and 
sensing measurements, 150 mg of each sample was pelletized at room temperature 
with the help of a hydraulic pressure instrument at 70 kN pressure applied for 20 min. 
 
5.3 Results and Discussion  
 
5.3.1 FTIR studies 
Figure-5.1 shows the FTIR spectra of PPy, PPy/SiC and PPy/SiC/DBSA. The 
characteristic peaks of PPy at 3414 cm-1, 1535 cm-1, 1455 cm-1, 1295 cm-1, 1164 cm-1 
and 1035 cm-1 may be attributed NH stretching, CN bending, C=C stretching, 
=CH bending, CC stretching and CH bending respectively. The band at 905 cm-1 
correspond to CN+C stretching and has been attributed to the polaron band 
characteristic of the doping suggesting that the PPy support is in its oxidized state and 
contains positively charge entities (N+) as shown in Figure-5.1a.28 The slight increase 
in the N–H, C=C, C=N and C–N stretching frequencies may be attributed to the 
interaction of PPy with SiC nanoparticles as shown in Figure-5.1b&c.  
 
5.3.2 X-ray diffraction analysis 
The XRD analysis (Figure-5.2) is exhibited in XRD pattern of the PPy, PPy/SiC and 
PPy/SiC/DBSA nanocomposites. The XRD pattern of PPy shows an amorphous broad 
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peak at 2θ = 24.41° (Figure-5.2a) indicating the formation of amorphous PPy. 
Figure-5.2b shows the pattern of PPy/SiC in which the peak at 2θ value of 25.38° 
correspond to PPy and the peaks at 2θ values of 35.80°, 60.11° and 71.90° correspond 
to the presence of silicon carbide nanoparticles in the PPy/SiC nanocomposite. In the 
case of PPy/SiC/DBSA, the broad peak of PPy shifted from 2θ value 24.41° to 21.08°. 
The peaks at 2θ = 35.80°, 56.39°, 60.12° and 71.90° containing SiC nanoparticles 
correspond to the (111), (200), (220) and (311) planes of SiC as shown in Figure-
5.2c.23 PPy is always amorphous and shows a broad peak in XRD. However, sharp 
peaks may also appear if some crystalline material is present in the PPy. In this case, 
the broad peak corresponds to amorphous PPy and the sharp peaks correspond to 
crystalline SiC present in the PPy/SiC/DBSA nanocomposite. 
 
5.3.3 Thermogravimetric analysis 
TG, DTG and DTA thermograms of PPy, PPy/SiC and PPy/SiC/DBSA are shown in 
Figure-5.3. The amount of weight loss and thermal stability of the PPy, PPy/SiC and 
PPy/SiC/DBSA nanocomposites were determined by TGA in the range of 40-1000°C. 
In the TGA of PPy, the initial weight loss was observed at 50-150°C attributed due to 
the volatilization of water molecules as shown in Figure-5.3a. Subsequent and final 
weight loss starting from 200°C may be attributed to the thermo oxidative degradation 
of the PPy and volatilization of FeCl3. The complete decomposition of PPy backbone 
was observed around 650°C. DTA curve shows a broad exothermic peak at ~285°C 
for PPy which can be attributed to the glass transition temperature of the polymer and 
DTG analysis show peaks corresponding to decomposition of PPy at 64°, 283° and 
604°C with 42 µg/min, 78 µg/min and 131 µg/min weight losses, respectively. In case 
of PPy/SiC, the decomposition occurred below 300°C, which is lower than the 
decomposition temperature of PPy and can be attributed to the addition of SiC 
nanoparticles. 
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Figure-5.1 FT-IR spectra of:  (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA. 
 
 
Figure-5.2 XRD patterns of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA. 
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SiC is highly thermally stable (m.p.2730oC) crystalline material. The difference in the 
initial weight loss behavior of PPy and PPy/SiC is minor as shown in TGA and may 
be due to difference in the amounts of moisture or oligomers in the two samples. Else 
the two samples show similar stability. 
 It may be noted that it is only PPy which is undergoing thermo-oxidative 
degradation in both the samples i.e. PPy and PPy/SiC as SiC does not degrade upto 
this temperature. DT and DTG analysis showed behavior similar to PPy and are given 
in Figure-5.3b. In case of PPy/SiC/DBSA, the decomposition temperature increases 
as shown in Figure-5.3c. The addition of SiC and DBSA in the nanocomposite plays 
an important role in changing behavior of thermo oxidation. The improved thermal 
stability of PPy/SiC/DBSA is hence attributed to strong synergistic interactions 
among PPy, DBSA and SiC nanoparticles. DT and DTG analysis show behavior 
different to that of PPy and PPy/SiC. 
 
5.3.4 Scanning electron micrograph studies 
Figure-5.4 shows the micrographs of as received SiC, PPy and their corresponding 
PPy nanocomposites. The FE-SEM image of PPy is shown in Figure-5.4a. It shows 
that the synthesized PPy is agglomerated spherical shaped clusters by several 
nanoparticles. The FE-SEM micrograph with high magnification clearly shows that 
the SiC exhibits a corals-like ridges structure comprised of spherical particles as 
shown in Figure-5.4b. The synthesized PPy/SiC is composed of cloud shaped 
structures and PPy is associated with SiC nanoparticles exhibits a very dense and 
compact structure as shown in Figure-5.4c. In the case of PPy/SiC/DBSA, the 
nanocomposite consisting of SiC nanoparticles bind to the surface of PPy polymer 
and their shape changed due to introduction of DBSA.  PPy/SiC/DBSA shows a 
smooth and spherical shaped morphology as shown in Figure-5.4d. The SiC 
nanoparticles are well dispersed in the nanocomposites. In PPy/SiC/DBSA, no free 
SiC nanoparticles were observed which indicates that SiC nanoparticles in presence of 
DBSA have a nucleating effect on the pyrrole polymerization and caused a 
homogeneous PPy shell around them. The presence of DBSA and SiC in this 
nanocomposite were confirmed by EDX analysis. FE-SEM study indicates the clear 
morphological transformations from PPy to PPy/SiC/DBSA nanocomposites. 
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Figure-5.3 Thermograms of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA. 
 
 
Figure-5.4 FE-SEM images of: (a) PPy, (b) as received SiC (c) PPy/SiC and (d) 
PPy/SiC/DBSA with EDX spectra (c and d). 
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5.3.5 Transmission electron micrograph studies 
TEM image of PPy/SiC (Figure-5.5a) shows the SiC nanoparticles (black colored 
spots) encapsulated within PPy matrix (grey background). TEM image of 
PPy/SiC/DBSA (Figure-5.5b) also shows the SiC nanoparticles (black colored spots) 
encapsulated within PPy matrix (grey background). The TEM of PPy/SiC/DBSA 
shows that the SiC nanoparticles are more uniformly distributed within the PPy matrix 
and hence better encapsulated within the PPy matrix as compared to PPy/SiC. Such 
uniform dispersion of SiC over PPy could be attributed to the attractive electrostatic 
interactions between the anionic DBSA and polycationic PPy matrix. The similar 
observation of enhanced dispersion of Ag over PPy surfaces was attributed to the 
electrostatic attraction between the polycationic PPy and the anionic sodium dodecyl 
sulfate modified Ag nanoparticles by Ritwik et al.29 This study provides clear 
evidence that the SiC nanoparticles are encapsulated by PPy matrix in both the 
nanocomposites. 
 
 
Figure-5.5 TEM images and selected area diffraction pattern (SAED) of: (a) PPy/SiC 
(b) PPy/SiC/DBSA. 
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5.4 DC Electrical Conductivity 
The DC electrical conductivity (Figure-5.6), after loading with silicon carbide 
nanoparticles, showed an increase from 0.036 Scm-1 to 0.743 Scm-1. In PPy/SiC the 
observed electrical conductivity is higher than in PPy because of the introduction of 
nanoparticles that are believed to act as more efficient network for charge transport 
resulting in to the increase in the electrical conductivity. p-type PPy and n-type SiC 
interaction causes enhance the electrical conductivity. With the addition of 
dodecylbenzene sulfonic acid (DBSA) in PPy/SiC, a great increase in electrical 
conductivity was observed as it maximizes the charge-carrier density.30-32 
 
5.4.1 Isothermal stability studies  
Under isothermal ageing conditions, the stability in terms of DC electrical 
conductivity retention of PPy, PPy/SiC and PPy/SiC/DBSA was studied (Figure-5.7). 
The relative electrical conductivity was plotted against time for each temperature as 
given in the equation-2: 
  σr,t = σt/σ°          Equation-2 
 where σr,t = relative electrical conductivity at time t,   σt = electrical 
conductivity at time t, σo = electrical conductivity at time zero. 
 In order to evaluate the stability in terms of DC electrical conductivity of these 
nanocomposites, the relative electrical conductivity with respect to time at different 
temperatures for different samples was evaluated. The DC conductivity of the samples 
(5 readings of each sample were taken at an interval of 5 min) was measured at the 
temperatures 50°C, 70°C, 90°C, 110°C and 130°C. Figure-5.7 shows the variation in 
relative electrical conductivity of PPy and its nanocomposites with respect to time. 
The loss in relative DC electrical conductivity is observed at all the five temperatures 
in case of PPy, therefore, it is considered as unstable towards retention of DC 
electrical conductivity at all the 5 temperatures. PPy/SiC showed very little loss at 50 
and 70oC, hence regarded as showing slightly improved stability towards retention of 
DC electrical conductivity at all these temperatures and unstable at higher 
temperatures. PPy/SiC/DBSA showed loss in relative DC electrical conductivity at 
130oC only, hence, considered unstable at this temperature. It was considered as 
stable in terms of DC electrical conductivity retention at lower temperatures. This is 
due to the presence of DBSA. This observation is also supported by the TGA studies. 
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Figure-5.6 Initial DC electrical conductivity of: (a) PPy, (b) PPy/SiC and (c) 
PPy/SiC/DBSA at room temperature. 
 
 
Figure-5.7 Relative electrical conductivity of (a) PPy, (b) PPy/SiC and (c) 
PPy/SiC/DBSA verses time under isothermal ageing conditions. 
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5.4.2 Stability under Cyclic Ageing  
The cyclic ageing technique within the temperature range of 40 to 150°C was studied 
for PPy, PPy/SiC and PPy/SiC/DBSA in order to evaluate the stability in the terms of 
DC electrical conductivity (Figure-5.8). From the conductivity measurements, it was 
observed that the conductivity increased gradually from first to fifth cycle showing a 
regular trend in all the cases. The relative electrical conductivity was calculated using 
the following equation: 
𝜎𝑟 = 𝜎𝑇/𝜎40             Equation-3 
where, σr is relative electrical conductivity, σT is electrical conductivity at temperature 
T (°C) and σ40 is electrical conductivity at 40°C. 
 In cyclic aging condition, the subsequent cycles were also found to show 
similar improvement in electrical conductivity behavior of PPy and nanocomposites. 
The increase in electrical conductivity from 40 to 150°C may be attributed to: (1) the 
annealing effect during heating/cyclic aging conditions and (2) elevation of 
temperature causes an increase in the number of charge carriers. The relative electrical 
conductivity of PPy and PPy/SiC nanocomposites showed good reversibility upto 
150°C when cycled in the temperature range of 40-150°C. The PPy/SiC/DBSA 
showed good reversibility upto 90°C and after that was found to show poor 
reversibility. 
 
Figure-5.8 Relative electrical conductivity of: (a) PPy, (b) PPy/SiC and (c) 
PPy/SiC/DBSA under cyclic ageing conditions. 
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5.5 Sensing 
5.5.1 Sensing Assembly 
The 150 mg each of as prepared PPy and PPy/SiC nanocomposites were grinded and 
palletized at 70 kN for 20 min by hydraulic pressure machine. The thickness of each 
pallet was found to be ~140 mm. A four-in-line probe with a temperature controller 
PID-200 (Scientific Equipment, Roorkee, India) was used to measure gas sensing 
properties. The source of the voltage used in this system was AC 220 V and current 
supplied by the system was DC 9 V. The relative humidity was about 40% and room 
temperature was ~25°C. All the measurements were performed in a laboratory fuming 
chamber. Cl2 gas was produced by following chemical reaction in the laboratory. 
 
 
 
Figure-5.9 Experimental assembly for Cl2 sensing by four-in-line probe electrical 
conductivity measuring instrument. 
 
Figure-5.10, 5.11 and 5.12 show the response change in electrical conductivity with 
respect to time on exposure to Cl2 gas followed by exposure to air. The change in DC 
electrical conductivity may be attributed to physico-chemical adsorption of Cl2 gas by 
the samples. The experiments were performed on three samples viz. PPy, PPy/SiC 
and PPy/SiC/DBSA. Firstly, the samples were exposed to Cl2 gas for 1 min and then 
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kept in ambient atmosphere for 1 min. When PPy was exposed to Cl2 gas, an abrupt 
increase in electrical conductivity was observed as shown in Figure-5.10. When the 
gas flow was stopped and the sample was brought in ambient air for 1 min, the 
electrical conductivity decreased approximately to its original value. Therefore, PPy 
was found to show a very good reversibility. The reason for the increased electrical 
conductivity may be attributed to the fact that interaction of Cl2 gas (electron 
acceptor) with PPy electrons leads to generation of polarons and bipolarons in large 
numbers which in turn leads to abrupt increase in electrical conductivity.  
 In case of PPy/SiC (Figure-5.11) and PPy/SiC/DBSA (Figure-5.12), a 
behavior similar to PPy was observed but the samples did not show reversibility. The 
samples after exposure to Cl2 gas showed increased conductivity and after 1 min of 
exposure to air, the electrical conductivity decreased and kept on decreasing for 1 
hour. Therefore, the pellets of these two samples could not be subjected to further 
experiments. From these experiments, it was concluded that the nanocomposites do 
not show reversibility. The possible reason for this type of behavior is that the Cl2 gas 
could not be easily desorbed from nanocomposites at room temperature because of its 
strong adsorption on nanocomposites. It was also observed that DBSA did not show 
any effect on sensing results but it increased only the DC electrical conductivity by its 
additional doping effect. PPy/SiC and PPy/SiC/DBSA showed same behavior towards 
the chlorine sensing. 
 
 
Figure-5.10 The dynamic response and recovery of Cl2 on PPy, The sensing 
experiments were performed on the same pallet. 
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Figure-5.11 The dynamic response and recovery of Cl2 on PPy/SiC. The sensing 
experiments were performed on the different pallets. 
 
 
Figure-5.12 The dynamic response and recovery of Cl2 on PPy/SiC/DBSA. The 
sensing experiments were performed on the different pallets. 
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5.5.2 Sensing mechanism  
The physical properties like DC electrical conductivity depend strongly on their 
doping levels which can easily be changed by chemical reactions with gas analytes 
like Cl2 and NO2.
33 The doping level of conducting polymers can be altered by 
transferring electrons from or to the analytes which causes changes in the resistance 
and work function of the sensing material. Therefore, adsorption of analytes on 
conducting polymers provides a simple technique to detect such analytes. The change 
in the electrical conductivity of sensing material as a function of time was recorded at 
room temperature and the results are displayed in Figure-5.10, 5.11 and 5.12. As can 
be seen from the Figure-5.10, the PPy showed increase in the electrical conductivity 
upon exposure to Cl2 gas for 1 min. Cl2 gas is an oxidizing agent (electron acceptor) 
and can remove electrons from the polymer chains of conducting polymers like PPy.34 
On the other hand, PPy is a p-type conducting polymer in which majority of charge 
carriers are holes and when oxidizing gas Cl2 interacts with PPy, it captures more 
electrons from the polymer chain which results into the increase of density of charge 
carriers in PPy as shown in Figure-5.13.  
 
 
Figure-5.13 Plausible interaction of Cl2 gas with (a) PPy and (b) PPy/SiC/DBSA 
nanocomposites. 
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This results into the enhancement of electrical conductivity of sensing material. The 
same sensing material was then exposed to air for 1 min and it was found that the 
electrical conductivity decreased to the initial value where it was maintained. The 
decrease in electrical conductivity was attributed to desorption of Cl2 gas from the 
surface of PPy which results into the decrease in density of charge carriers. 
 Same results were obtained for PPy/SiC and PPy/SiC/DBSA nanocomposite. 
However, in case of PPy/SiC nanocomposites, when the pellet was exposed to air for 
1 min, the electrical conductivity decreased to the initial value in 1 minute but could 
not be maintained as it kept decreasing for about 1 hour. After return to its initial 
electrical conductivity on exposure to air, the further decrease in electrical 
conductivity may be attributed some interaction of Cl2 with SiC in case of PPy/SiC 
and PPy/SiC/DBSA also. These pellets could not be used again in reproducibility 
experiment. 
 
  
Chapter 5 
127 
 
5.6 Conclusion 
PPy and PPy/SiC nanocomposites have been synthesized by in situ polymerization 
and characterized by different techniques which revealed the formation of the PPy, 
PPy/SiC and PPy/SiC/DBSA nanocomposites. The PPy/SiC/DBSA showed highest 
DC electrical conductivity among PPy and PPy/SiC due to the high mobility of charge 
carriers. The PPy/SiC nanocomposites, studied under isothermal and cyclic aging 
conditions, showed more thermal stability than PPy. PPy showed the highest 
sensitivity and reproducibility towards the Cl2 gas at room temperature. PPy/SiC and 
PPy/SiC/DBSA showed good sensitivity towards the Cl2 gas but could not show 
reproducibility. This powerful platform could be used as sensitive Cl2 gas sensors in 
the future. 
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6.1 Introduction   
Having the unique physicochemical properties, polymer nanocomposites, resulting 
from the amalgamation of the characteristics of parent constituents into a single 
entity, have appealed to a large number of scientists and researchers in recent times. A 
wide range of applications of these materials have been conceivable in different 
settings due to their cost effectiveness, light weight and tunable mechanical, magnetic 
and electrical properties.1-3 
 Owing to its features of good electrical conductivity and environmental 
steadiness, PPy has been reckoned as one of the most important conducting 
polymers.4 However, its low mechanical strength, fragility and dismal processibility 
restrict PPy to its limited use. Composite with inorganic component is one of the 
feasible process to overcome these limitations. For instance, in situ polymerization of 
pyrrole or coating PPy on the surface of inorganic substrate can produce novel 
materials with distinctive properties. Mechanical possessions of the substrates and 
electrical conducting properties of PPy are innate and the unparalleled properties 
opposite to their individual component founded on synergy effect may also be 
recognized.5,6 
 Comprised with the unique features of thermodynamical stability, corrosion 
resistance, high refractive index, dielectric constant and mechanical strength, zirconia 
nanomaterials have attained much popularity during late twentieth century. In recent 
times, these materials have been developed as catalysts and catalyst carriers, 
absorbents, photo catalysts, memory devices and dense ceramics etc.7-12 
 Significantly, polymerization of pyrrole in the presence of inorganic particles 
is of particular interest because it can form well-defined and stable core-shell 
composites. Ashis et al. have synthesized zirconia nanoparticles by a novel two-
reverse emulsion technique and combined with polypyrrole (PPy) to form ZrO2/PPy 
nanocomposites.13 They investigated complex impedance and dielectric permittivity 
of ZrO2/PPy nanocomposite as a function of frequency and temperature for different 
compositions.  
 Lei et al. have been synthesized polypyrrole modified ZrO2 composite via in 
situ polymerization method and used as catalyst support in selective hydrogenation of 
cinnemaldehyde.14. They have also prepared Ru based bimetallic catalysts supported 
on ZrO2 and PPy/ZrO2 by impregnation method. The results showed that the catalysts 
supported on PPy/ZrO2 show a higher activity than that supported on ZrO2 under the 
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same conditions. Besides, catalysts in micro emulsion medium showed higher activity 
in the term of conversion and cinnamyl alcohol selectively as compared with that in 
ethanol medium. 
 In view of the above possibilities, in situ polymerization technology was 
employed to make PPy/zirconium oxide nanocomposites. In this approach, the 
thermal stability, morphology, thermal dc electrical conductivity and ethylene gas 
sensing of resulting polypyrrole and polypyrrole/zirconia nanocomposite are 
investigated.  The polypyrrole/zirconia nanocomposites exhibits better response and is 
highly sensitive towards ethylene gas as compared to polypyrrole.  
 
6.2 Experimental 
 
6.2.1 Materials 
Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride (Fisher Scientific, 
India), zirconium oxide ~50 nm (MK Nano Canada) and methanol (E. Merck, India) 
were used as received. The water used in these experiments was double distilled. 
 
6.2.2 Preparation of PPy and PPy/ZrO2 nanocomposites 
Polypyrrole and polypyrrole/ZrO2 nanocomposites were prepared by oxidation of 
pyrrole in aqueous medium using FeCl3 as an oxidant. Pyrrole (0.05 mol) in 100 mL 
of distilled water was mixed. A solution of ferric chloride (0.05 mol) in 100 mL 
distilled water was then poured drop-wise into the aqueous suspension of pyrrole. The 
reaction mixture was then stirred continuously for about 10 h which resulted into the 
formation of black colored slurry. The product thus formed was filtered and washed 
several times with distilled water followed by methanol, dried in an air oven at 80 °C 
for 6 h and stored in a desiccator for further experimentation. 
 Likewise, PPy/ZrO2 nanocomposites were prepared using the method 
described above while ultra-sonicated ZrO2 nanoparticles (200 mg in 100 mL) were 
added to reaction mixture. As prepared materials were washed, dried, converted to 
fine powder and stored in a desiccator for further analysis. Thus prepared materials 
were designated as PPy, PPy/ZrO2-1, PPy/ZrO2-2 and PPy/ZrO2-3 containing 0 %, 10 
%, 20 % and 30 % of ZrO2 w/w of pyrrole in the reaction mixture respectively. 
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6.2.3 Characterization  
The Fourier transform infrared spectroscopy (FTIR) spectra were recorded using 
Perkin-Elmer 1725 instrument on KBr pallets. To study the surface morphology the 
scanning electron microscopy (SEM) was done using LEO 435-VF microscope. The 
thermogravimetric analysis was performed on the selected samples of the 
nanocomposites by Perkin Elmer (Pyris Dimond) instrument, heating the samples 
from ∼24 °C to ∼1000 °C at the rate of 10 °C min−1 in nitrogen atmosphere at the 
flow rate of 200 mL/min. X-ray diffraction (XRD) data were recorded by Bruker D8 
diffractometer with Cu Kα radiation at 1.540 A˚ in the range of 5˚ ≤ 2θ ≤ 70˚ at 40 
kV. The thermal stability of PPy and PPy/ZrO2 nanocomposites were studied in terms 
of DC electrical conductivity retention under isothermal and cyclic ageing conditions 
by using a four-in-line probe with a temperature controller (PID-200, Scientific 
Equipments, Roorkee, India). The DC electrical conductivity was calculated by using 
the equation: 
 
    𝜎 = [ln2(2𝑆/𝑊)]/[2𝜋𝑆(𝑉/𝐼)]     Equation: 1 
  where I, V, W and S are the current (A), voltage (V), thickness of the 
pellet (cm) and probe spacing (cm) respectively and σ is the conductivity (Scm-1).15 In 
isothermal stability testing, the pellets were heated at 50 °C, 70 °C, 90 °C, 110 °C, 
130 °C and 150 °C and the DC electrical conductivity was measured at an interval of 
10 min in the accelerated ageing experiments. In case of cyclic ageing testing, DC 
conductivity measurements were done 5 times at an interval of about 80 min within 
the temperature range of 40 – 150 °C. Sensing study was done using four-in-line 
probe (PID-200, Scientific Equipments, Roorkee, India). For electrical conductivity 
and sensing measurements, 150 mg of each sample was pelletized at room 
temperature with the help of a hydraulic pressure instrument at 70 kN pressure 
applied for 20 min. 
 
6.3 Results and Discussion  
 
6.3.1 FTIR studies 
In the FTIR spectrum of PPy, the main absorption peak was observed at 3420 cm-1 
corresponding to stretching vibration of N–H bond as shown in Figure-6.1. The 
characteristic absorption bands for C=C, C=N, C–N stretching frequencies were 
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observed at 1553, 1301 and 1180 cm-1 respectively.16 In case of PPy/ZrO2 
nanocomposites, the N–H, C=C and C=N stretching frequencies were slightly shifted 
and were observed at 3430, 1563 and 1311 cm-1 respectively. In addition to this, the 
band at 1190 cm−1 corresponded to C–N+ stretching and the band at ~917 cm−1 
corresponded to C=N+–C stretching which are attributed to formation of bipolarons 
which evidently support their doping by FeCl3. It also suggests that polypyrrole was 
oxidized by FeCl3 containing positively charged entities.17 The slight increase in the 
N–H, C=C, C=N and C–N stretching frequencies may probably be attributed to the 
interaction of PPy with ZrO2 nanoparticles. Although, the stretching frequencies 
corresponding to N–H bond of PPy were slightly different from those of PPy/ZrO2 
and their bending frequencies were observed at ~1038 and 1058 cm-1 respectively. 
These results indicate that an interaction exists at the interface of PPy and ZrO2. 
 
6.3.2 X-ray diffraction analysis 
Figure-6.2 represents X-ray diffraction pattern of PPy and PPy/ZrO2 nanocomposites. 
A broad peak observed at 2θ = 24.53°, assigned to the repeating units of pyrrole ring, 
imply that the PPy is amorphous as shown in Figure-6.2a. In XRD pattern of ZrO2 
nanoparticles, the main characteristics peaks are observed at  2θ = 24.08°, 28.40°, 
31.60°, 34.35°, 40.68°, 45.02°, 50.17°, 55.50°, 60.08°, 62.82°, 66.03°, 71.35° and 
75.08° as shown in Figure-6.2b. In PPy/ZrO2 nanocomposites, during polymerization 
the growth of polypyrrole chain is restricted to some extent in the presence of ZrO2 
nanoparticles and polypyrrole becomes more crystalline as shown in Figure-6.2c & 
6.2d. The broad diffraction peak of polypyrrole is not observed, which reveals that the 
nanocomposite coating has a more ordered arrangement than the pure polypyrrole due 
to presence of ZrO2 nanoparticles. These results show that the presence of ZrO2 
strongly influenced the crystallinity of PPy. 
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Figure-6.1FTIR spectra of: (a) PPy, (b) PPy/ZrO2-1, (c) PPy/ZrO2-2 and (d) 
PPy/ZrO2-3. 
 
 
Figure-6.2 XRD patterns of: (a) PPy, (b) as received ZrO2, (c) PPy/ZrO2-1 and (d) 
PPy/ZrO2-2. 
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6.3.3 Thermogravimetric analysis 
The TGA of PPy and PPy/ZrO2 nanocomposites are shown in Figure-6.3. The 
amount of weight loss and thermal stability of the PPy and PPy/ZrO2 nanocomposites 
were determined by means of TGA in the range of 30-800 °C. It may be observed that 
the initial weight loss below 150 °C for PPy may be attributed to the volatilization of 
water and oligomers. Second weight loss observed from 151 °C to 400 °C seems to be 
due to the degradation of the PPy and volatilization of FeCl3. The complete 
decomposition of PPy backbone is observed around ~640 °C. In these cases, the 
dispersion of ZrO2 nanoparticles in the nanocomposites plays an important role in 
changing the behaviour of thermo oxidation. The improved thermal stability of 
PPy/ZrO2 nanocomposite is hence attributed to strong synergistic interaction between 
PPy and ZrO2 nanoparticles. As has been observed in other studies of these 
nanocomposites that the PPy/ZrO2-3 is the optimum composition for the formulation 
of a fairly good nanocomposite and more thermally stable than PPy and PPy/ZrO2 
nanocomposites. It seems that there is some relation between the desirable properties 
including thermal stability of nanocomposites with the ZrO2 content in the 
nanocomposite formulations. 
 
6.3.4 Scanning electron micrograph studies 
The morphology of PPy and PPy/ZrO2-2 nanocomposites was studied by SEM and 
images are presented in Figure-6.4. The SEM image of PPy is shown in Figure-6.4a. 
It shows that the synthesized PPy is agglomerated and shows globular structure. The 
SEM micrograph with high magnification (Figure-6.4b) clearly shows that the ZrO2 
cluster exhibits a cloud-like structure. In as-prepared PPy/ZrO2-2, with the addition of 
ZrO2 nanoparticles, the surface morphology of polypyrrole is changed into thicker and 
more compact. The PPy/ZrO2-2 is composed of granules/globular approximately of 
300−400 nm in diameter (Figure-6.4c & 6.4d). ZrO2 nanoparticles are covered by 
polypyrrole to form multiparticle aggregates.  
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Figure-6.3. TGA thermograms of: (a) PPy, (b) PPy/ZrO2-1, (c) PPy/ZrO2-2 and (d) 
PPy/ZrO2-3. 
 
 
Figure-6.4 FE-SEM images of: (a) PPy, (b) as received ZrO2 and (c & d) PPy/ZrO2-2 
showing granular/globular structure in two different magnification. 
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6.4 DC Electrical Conductivity  
DC electrical conductivities of as-prepared PPy and PPy/ZrO2 nanocomposites were 
observed to increase upto 20 wt% of ZrO2 loading followed by decrease in DC 
electrical conductivity on further loading to 30 wt% of ZrO2 as shown in Figure-6.5. 
The conductivity of PPy is 0.0367 Scm-1 which increases to 0.336 Scm-1 and 4.94 
Scm-1 in the nanocomposites containing ZrO2 content of 10 wt% and 20 wt%, 
respectively. With the further increase in ZrO2 content to 30 wt%, the conductivity 
decreased to 1.09 Scm-1. This observed phenomenon is quite inconsistent with the 
results of most conducting composites combined with inorganic nanoparticles.18 PPy 
doped with FeCl3 (a weak dopant) showed low electrical conductivity. In case of 
PPy/ZrO2 nanocomposites, PPy doped with FeCl3 interact with d orbitals of Zr where 
ZrO2 acts as strong dopant. Removal of electrons from PPy and accommodation in the 
d orbitals leads to a dramatic increase in polarons. The presence of ZrO2 nanoparticles 
may also induce the formation of more efficient network for charge transport in the 
polypyrrole chains leading to higher conductivity. Thus, the increase in electrical 
conductivity may be attributed to the increase in number of charge carriers and 
increased mobility of charge carriers. The decrease in conductivity shown with the 
introduction of 30 wt% of ZrO2 nanoparticles in PPy/ZrO2-3 may be associated with 
the hindrance in the transport of carriers between different molecular chains of PPy 
due to increased Coulombic interactions leading to lower carrier mobility. 
 
6.4.1 Stability under isothermal ageing  
The stability in terms of DC electrical conductivity retention of PPy and PPy/ZrO2 
nanocomposites was studied under isothermal ageing conditions as shown in Figure-
6.6. The relative electrical conductivity was plotted against time for each temperature 
as given in the equation below: 
σr,t = σt/σ°      Equation-2 
where σr,t = relative electrical conductivity at time t,   σt = electrical conductivity at 
time t, σo = electrical conductivity at time zero. 
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Figure-6.5 Initial DC electrical conductivity of as-prepared: (a) PPy, (b) PPy/ZrO2-1, 
(c) PPy/ZrO2-2 and (d) PPy/ZrO2-3. 
 
 
Figure-6.6 Isothermal stability in terms of change in relative DC electrical 
conductivity versus time of as-prepared: (a) PPy, (b) PPy/ZrO2-1, (c) PPy/ZrO2-2 and 
(d) PPy/ZrO2-3. 
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In order to compare the stability in terms of dc electrical conductivity retention of 
these materials, the best method is to compare the relative electrical conductivity with 
respect to time at different temperatures for different samples. The DC conductivity of 
the samples (5 readings of each sample were taken at an interval of 10 min) was 
measured at temperatures 50, 70, 90, 110 and 130 °C. Figure-6.6 shows the variation 
in relative electrical conductivity of polypyrrole and its nanocomposites verses time. 
For polypyrrole, it was observed that the electrical conductivity decreases as the 
temperature is increased. In case of PPy/ZrO2-1, the electrical conductivity is fairly 
stable at 50 °C and 70 °C only. In case of PPy/ZrO2-2, electrical conductivity is stable 
at 50 °C and 70 °C. In case of PPy/ZrO2-3, the electrical conductivity is fairly stable at 
50 °C and 70 °C where as some loss is observed at 90 °C, 110 °C and 130 °C. It may 
be observed that with the addition of ZrO2, the sample shows increase in the electrical 
conductivity and all samples with ZrO2 content showed the good stability at 50 °C and 
70 °C. 
 
6.4.2 Stability under cyclic ageing 
The stability in the terms of DC electrical conductivity retention of PPy and PPy/ZrO2 
nanocomposites was studied by cyclic ageing technique within the temperature range 
of 40 to 150 °C as shown in Figure-6.7. The relative electrical conductivity was 
calculated using the following equation: 
𝜎𝑟 = 𝜎𝑇/𝜎40         Equation-3 
 where σr is relative electrical conductivity, σT is electrical conductivity at 
temperature T (°C) and σ40 is electrical conductivity at 40 °C. 
 The DC electrical conductivity of PPy and PPy/ZrO2 nanocomposites showed 
good reversibility upto 150 °C when cycled in the temperature range of 40-150 °C. 
The PPy/ZrO2-3, was however found better than the reaming samples. All the samples 
showed similar behavior of an electrical conductivity loss in the first cycle. After the 
first cycle, the electrical conductivity loss in not much different for next four cycles. It 
may also be observed the electrical conductivity increased with the increase in the 
ZrO2 content upto 20 % in the nanocomposites. In cyclic condition, under thermo 
oxidative condition all samples do not show good stability. 
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6.4.3 1 I-V studies 
In the voltage-current graph shown in Figure-6.8, it may be observed that the highest 
voltage is shown by PPy at room temperature and at a particular current value. The 
voltage showed a decrease with the addition of 10 & 20 wt% of ZrO2 content in the 
nanocomposites followed by an increase in voltage, in case of PPy/ZrO2-3 at room 
temperature and at a particular current value. From this analysis, it may be inferred 
that the highest conductivity is shown by PPy/ZrO2-2 followed PPy/ZrO2-1 followed 
by PPy/ZrO2-3 followed by PPy as conductivity is inversely proportional to voltage. 
The characteristics of PPy and PPy/ZrO2 nanocomposites showed ohmic variations 
which are completely symmetrical with respect to the voltage. This linear increase in 
current with applied voltage is related to the conduction mechanisms of PPy and its 
nanocomposites. As the voltage increases, the formation of polarons and bipolarons 
increase rapidly contributing to higher values of current through the sample. 
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Figure-6.7 DC electrical conductivity under cyclic ageing conditions for: (a) PPy, (b) 
PPy/ZrO2-1, (c) PPy/ZrO2-2 and (d) PPy/ZrO2-3 in the temperature range of 40 to 150 
°C. 
 
 
Figure-6.8 I-V characteristics of: (a) PPy, (b) PPy/ZrO2-1, (c) PPy/ZrO2-2 and (d) 
PPy/ZrO2-3 
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6.5 Sensing 
 
6.5.1 Sensing assembly 
A 150 mg each of as prepared PPy and PPy/ZrO2-2 nanocomposites were grinded and 
palletized at 70 kN for 20 min by hydraulic pressure machine. The thickness of each 
pallet was found to be ~130 mm. A four-in-line probe with a temperature controller 
PID-200 (Scientific Equipment, Roorkee, India) was used to measure gas sensing 
properties as shown in Figure-6.9. The source of the voltage used in this system was 
AC 220 V and current supplied by the system was DC 9 V. The relative humidity was 
~40 % and room temperature was ~25 °C. All the measurements were performed in a 
laboratory fuming chamber. C2H4 gas was produced by following chemical reaction in 
the laboratory. 
 
 
 
Figure-6.9 Experimental assembly for C2H4 sensing by four-in-line probe electrical 
conductivity measuring instrument. 
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The sensing of ethylene gas on PPy was examined and it was found that on exposure 
of PPy pallet to ethylene gas the conductivity decreased which again increased to its 
original value after exposure to air as shown in Figure-6.10. The ethylene gas 
exposure followed by exposure to air was done for 1 minute each.  
 In order to evaluate reversibility, the pallet was exposed to ethylene gas for 5 s 
followed by exposure to air for 5 s and this cycle was continued for 45 s. It was found 
that the PPy showed fairly good reversibility towards ethylene gas as shown in 
Figure-6.11. 
 The sensing of ethylene gas on PPy/ZrO2-2 was examined and it was found 
that on exposure of PPy/ZrO2-2 pallet to ethylene gas the conductivity decrease as 
shown in Figure-6.12.  After exposure to air the conductivity could not reach to its 
original value but after heating the pallet at 80 °C, the conductivity reached its 
original value. The ethylene gas exposure followed by exposure to air was done for 1 
minute each. 
 In order to evaluate reversibility, the pallet of PPy/ZrO2-2 was exposed to 
ethylene gas for 5 s followed by exposure to air for 5 s. The pallet was heated at 80 °C 
for 5 s in order to remove adsorbed ethylene gas. This cycle was continued for 45 s 
and it was found that the PPy/ZrO2-2 showed very good reversibility towards ethylene 
gas as shown in Figure-6.13. 
 
 
Figure-6.10 Effect on the DC electrical conductiviy of PPy on exposure to C2H4 with 
respect to time. 
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Figure-6.11 Variation in DC electrical conductivity response of PPy on alternate 
exposure to C2H4 and air. 
 
 
Figure-6.12 Effect on the DC electrical conductiviy of PPy/ZrO2-2 on exposure to 
C2H4 with respect to time. 
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Figure-6.13 Variation in electrical conductivity response of PPy/ZrO2-2 on alternate 
exposure to C2H4 and air. 
 
6.5.2 Sensing Mechanism 
PPy is a p-type doped conducting polymer in which majority of charge carriers are 
holes and FeCl4¯ are the counter ions. C2H4 is an electron rich molecule containing a 
π-electron cloud and therefore interacts at the polaron sites of PPy which results into 
the decrease in the charge intensity of polarons as well as restrict the mobility of 
polarons as evident from the Figure-6.14. This results into the decrease in the 
electrical conductivity of FeCl3 doped PPy on exposure to C2H4.  
 In case of PPy/ZrO2-2 the electrical conductivity decreased on exposure to 
ethylene gas which may be due to the interaction of C2H4 gas with both PPy and ZrO2. 
The lone pairs of pyrrole ring interact with ZrO2 which leads to development of 
positive charge on pyrrole ring. The C2H4 gas, being electron rich, then interacts 
strongly with the positive charged pyrrole ring. This interaction leads to decrease in 
mobility of charge carriers which therefore decreases the electrical conductivity. 
Moreover, the C2H4 gas may get trapped in the framework of PPy and ZrO2 which 
makes harder for it to get desorbed, thereby, decreasing electrical conductivity. 
Therefore, the electrical conductivity can regain its original value only after heating at 
80 °C. This may be attributed to the involvement of ethylene with the d orbitals of Zr 
in the composite.  
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Figure-6.14 Plausible sensing mechanism for (a) PPy with ethylene and (b) 
PPy/ZrO2-2 with ethylene. 
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6.6 Conclusion 
The PPy and PPy/ZrO2 nanocomposites were successfully synthesized by in-situ 
polymerization method. FTIR and XRD analysis confirmed the presence of ZrO2 and 
PPy. SEM analysis shows uniform dispersion of the ZrO2 in the polypyrrole. The 
electrical properties presented in terms of DC electrical conductivity and I-V 
characteristics. The FeCl3 doped PPy/ZrO2-2 nanocomposite showed better electrical 
and sensing properties. Electrical conductivity studies showed the more efficient 
charge transport behavior and may be applied in diode properties and ethylene sensor.  
 
 
 
 
 
 
 
 
 
 
 
 
  
Chapter 6 
148 
 
References  
1 B. J. Zhu, S. Wei, M. J. Alexander, T. D. Dang and T. C. Ho, Advanced 
Functional Materials, 2010, 20, 3076–3084. 
2 J. Zhu, S. Wei, J. Ryu, M. Budhathoki and Z. Guo, J. Mater. Chem., 2010, 20, 
4937–4948. 
3 J. Zhu, S. Wei, X. Chen, A. B. Karki, D. Rutman, D. P. Young and Z. Guo, J. 
Phys. Chem. C, 2010, 8844–8850. 
4 E. Hakansson, A. Kaynak, T. Lin, S. Nahavandi, T. Jones and E. Hu, Synthetic 
metal, 2004, 144, 21–28. 
5 B. B. Huang, G. J. Kang, Y. Ni, B. Huang and G. J. Kang, Conduct. Pap., 
2006, 2, 38–42. 
6 A. Madhan Kumar and N. Rajendran, Surf. Coatings Technol., 2012, 213, 155–
166. 
 7 L. Zong, Z. Tian, Y. Li and F. Lu, Indian J. Chem., 2015, 54, 309–315. 
8 J. Wu, Q. Li, L. Fan, Z. Lan, P. Li, J. Lin and S. Hao, 2008, 181, 172–176. 
9 M. Omaish, S. Kumar, J. Whan and F. Mohammad, Compos. Part B, 2013, 47, 
155–161. 
10 V. A. Online, Y. Tao, E. Ju, J. Ren and X. Qu, ChemComm, 2014, 1, 3030–
3032. 
11 R. Buitrago-Sierra, M. J. García-Fernández, M. M. Pastor-Blas and A. 
Sepúlveda-Escribano, Green Chem., 2013, 15, 1981. 
12 W. Zhou, E. I. Ross-Medgaarden, W. V Knowles, M. S. Wong, I. E. Wachs 
and C. J. Kiely, Nat. Chem., 2009, 1, 722–728. 
13 Z. Jin, F. Wang, J. Wang, J. C. Yu and J. Wang, Adv. Funct. Mater., 2013, 23, 
2137–2144. 
14 S. S. Ramamurthy, Y. H. Chen, M. K. Kalyan, G. N. Rao, J. Chelli and S. Mitra, J. 
Nanosci. Nanotechnol., 2011, 11, 3552–3559. 
15 M. Alvarez, T. Lopez, J. A. Odriozola, M. A. Centeno, M. I. Dom??nguez, M. Montes, 
P. Quintana, D. H. Aguilar and R. D. Gonz??lez, Appl. Catal. B Environ., 2007, 73, 
34–41. 
16 D. Panda and T.-Y. Tseng, Thin Solid Films, 2013, 531, 1–20. 
17 H. Lüthy, O. Loeffel and C. H. F. Hammerle, Dent. Mater., 2006, 22, 195–200. 
18 M. Omaish, F. Mohammad. Journal of Applied Polymer Science, 2012, 124:4433.  
 
V{tÑàxÜ J 
149 
 
7.1 Overview 
In summary, the nanocomposites of inorganic nanoparticles incorporated with 
polypyrrole synthesized by in-situ oxidative chemical polymerization were studied with 
the aim of their relevance and applications in the field of nanoscience and technology. 
Further, these in-situ prepared products were characterized by FTIR, XRD, FESEM, 
HR-TEM, TGA etc. along with the investigation of their electrical properties for the 
purpose of their usage in next generation inventories The results of these instrumental 
techniques and surface morphology approved the formation of PPy and their 
nanocomposites depending upon the type of nanofillers applied in different cases. 
Surfactant camphorsulfonic acid (CSA) and dodecylbenzenesulfonic acid (DBSA) not 
only assist the polymerization process through micelles formation but also performed 
as dopant crediting significant contribution in electrical conductivity.  
 From the outcome of the measured electrical conductivity, as prepared 
nanocomposites of PPy with different inorganic nanoparticles have shown noticeable 
enhancement in their electrical conductivity as compared with polypyrrole. The very 
simple 2-probe and 4-probe instruments were applied to examine their DC electrical 
conductivity. It may be noted that the significant enhancement in electrical conductivity 
and thermal stability will be useful for the manufacturing of low cost, light weight 
electrical/electronic devices. It was also observed that there is a slight shift in FTIR and 
XRD peaks in nanocomposites of PPy with TiO2, BN, SiC and ZrO2. This shifting may 
be attributed to the π-π interaction of benzenoid/quinoid rings of PPy with inorganic 
nanoparticles. This strong interaction function at molecular level also contributes to the 
significant enhancement in electrical conductivity of the resultant hybrids. Modification 
of BN through silver nanoparticles has been done successfully. High electrical 
conductivity and rapid sensing response in their corresponding nanocomposites with 
PPy were also observed.  
 Further, the present study has attempted to design chemosensor based on acid-
base doping/dedoping chemistry for examining their high sensitivity towards alcohols, 
LPG, CO2, Cl2 and acetylene. There is an urgent need to design portable devices those 
can sense the presence of alcohols, LPG, CO2, Cl2 and acetylene as their concentration 
even of the order of ppm level can harmful for the zoological beings.  
 At the end, the embodied work in the present thesis has high value and greater 
scope for the fabrication of electrical and sensing devices. 
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7.2 Future Work 
The most encouraging and promising task is the modification of inorganic/organic 
nanomaterials and fabrication with polypyrrole. For this purpose, the nanofillers like 
BN, SiC, TiO2, graphene, multi-walled carbon nanotubes with some functional parts 
attached with them are being embedded into a polypyrrole matrix. This will attract the 
future work on the incorporation newer nanomaterials for increasing electrical, 
magnetic and adsorption capacities of the conducting polymers.  
 In the age of global warming, there is an urgent need for the fabrication of the 
sensing devices which can detect the minute concentration of harmful gases to 
minimize the risk of health hazards. Further, the functionalized nanocomposites 
materials with their distinctive electrochemical behavior and versatile chemical 
reactivity are highly expected for the emergence of new technologies and applications 
in the range of batteries, sensors and microelectronics. Finally, it would be exciting to 
assume that the most conspicuous applications may cause the commercialization of 
these novel polypyrrole nanocomposite materials in the near future.  
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ABSTRACT: Binary doped polypyrrole (PPy) encapsulated Titania (TiO2) nanoparticles were prepared by oxidative polymerization
using FeCl3 as oxidant in presence of camphorsulfonic acid (CSA) as surfactant. Both FeCl3 (oxidant) and camphorsulfonic acid (sur-
factant) also act as dopant and hence thus prepared polypyrrole/Titania (TiO2@PPy) is termed as binary doped nanocomposite i.e.
FeCl3 dopes polypyrrole by oxidation mechanism while camphorsulfonic acid dopes polypyrrole by protonic doping mechanism. The
TiO2@PPy coreshell nanocomposites were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
thermogravimetry, differential scanning calorimetry (DSC), field emission-scanning electron microscopy (FE-SEM), and inductance-
capacitance-resistance (LCR) measurements. The results indicated that the structural and electrical properties of the TiO2@PPy core-
shell nanocomposites were significantly influenced by the extent of TiO2 nanoparticles loading of polypyrrole. The direct current
(DC) electrical conductivity of the as-prepared TiO2@PPy coreshell nanocomposites was higher than that of PPy. As-prepared
TiO2@PPy coreshell nanocomposites were also studied for their dielectric losses for alternating current (AC) which is useful character-
istic for their application in the fabrication of charge storing devices. TiO2@PPy coreshell nanocomposites showed synergistic effect
of combining components in improving their alcohol sensing properties. This improvement may be attributed to the adsorption on
and desorption from alcohols TiO2@PPy interface of the nanocomposites and alcohol vapors causing decrease in depletion region.
The TiO2@PPy coreshell nanocomposites were observed to show better reproducibility of electrical conductivity and fast self-recovery
during the alcohol vapor sensing process. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43411.
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INTRODUCTION
The continuous rising interest in conducting polymer nano-
composites is due to their perceived potential applications in
various fields such as batteries,1 sensors,2 electrochromic dis-
plays,3,4 and so on. Like polymers in general, the conducting
polymers are also lightweight and processible besides having
tailorable electrical and electronic properties. Conducting
polymers have received much attention after the first report
of electrical conductivity in a conjugated polymer, polyacety-
lene, in 1977 by Shirakawa et al.5 They combine the electrical
and electronic properties of metals and semiconductors along
with the advantages of polymers.6 Because of the facile prepa-
ration,7 easy control of the properties, good environmental
stability, flexibility, and high electrical conductivity, polypyr-
role is perceived to be one of the most promising conducting
polymers for commercial applications.8 Besides their high
absorption coefficients in the visible region, conjugated poly-
mers also exhibit high mobility of charge carriers as well as
biocompatibility.9
Titania or titanium dioxide (TiO2) is one of the most com-
monly used metal oxide semiconductors for photoinduced proc-
esses because of its comparatively low cost, low toxicity, and
ability to resist photocorrosion. Different strategies have been
developed to tune the band gap response of Titania to the visi-
ble region as the large band gap (3.2 eV for anatase and broo-
kite, 3.0 eV for rutile) allows the utilization of only 5% of
the solar light. The strategies adopted include coupling of TiO2
with narrow band gap semiconductors, doping with metal ion/
non-metal ions and co-doping with two or more ions.10 Nano-
sized TiO2 has proven to be an efficient material for use in pho-
tocatalytic removal of hazardous industrial by-products and for
photocatalytic water splitting. By inserting electrons into the
conduction band of TiO2 from conductive polymers with
extending p-conjugated electron systems such as polyaniline,
polythiophene, polypyrrole, and their derivatives, thus produced
composites acts as stable photosensitizers.11–13
The preparation of nanocomposite particles with adjustable size
constitutes a research area of considerable interest. Development
VC 2016 Wiley Periodicals, Inc.
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of organic–inorganic nanocomposite materials have been
regarded as an exciting class of materials as many bulk proper-
ties can be improved by this technique.14 The combination of
conducting polymer with the nanoparticles of oxide core mate-
rial has led to exciting applications in photovoltaics,15–18 mag-
netics,19–21 charge storage,22–25 catalysis,26–28 biosensors,29,30 and
biomedicine,31,32 which in turn has led to the development of
newer original synthesis methodologies. In most cases, such
nanocomposites are formed by electrochemical33,34 or chemical
polymerization35,36 of monomer in presence nanosized oxide
particles.
In this study, binary doped polypyrrole (PPy) and polypyrrole/
Titania (TiO2@PPy) coreshell nanocomposites with different
amount of loading of TiO2 nanoparticles were prepared via oxi-
dative polymerization using FeCl3 as an oxidant and camphorsul-
fonic acid (CSA) as surfactant. FeCl3 dopes polypyrrole by
oxidation mechanism while camphorsulfonic acid dopes polypyr-
role by protonic doping mechanism. The effect of the enwrapping
of TiO2 nanoparticles (cloud shaped and spheres) by polypyrrole
and the TiO2 nanoparticles loading level in nanocomposites on
the physicochemical properties was investigated. The morphol-
ogy, thermal stability, and electrical conductivity of the resulting
TiO2@PPy coreshell nanocomposites were also investigated.
These surface engineered products were analyzed for their
dynamic response of electrical conductivity towards exposure to
different types of alcohols by using 4-in-line-probe direct current
(DC) electrical conductivity measurement set up.
EXPERIMENTAL
Materials
Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride
(Fisher Scientific, India), titanium dioxide 50 nm (MK Nano
Canada), camphorsulfonic acid (CSA) (TCI, Tokyo), and meth-
anol (E. Merck, India) were used as received. The water used in
these experiments was double distilled.
Preparation of PPy and TiO2@PPy Nanocomposites
Polypyrrole and polypyrrole/TiO2 nanocomposites were pre-
pared by oxidation of pyrrole in aqueous medium using FeCl3
as an oxidant and CSA as surfactant. PPy was synthesized by
oxidative polymerization method. Pyrrole (0.05 mol) and cam-
phorsulfonic acid (0.01 mol) in 100 mL of distilled water were
mixed. A solution of ferric chloride (0.05 mol) in 100 mL dis-
tilled water was then poured dropwise into the aqueous suspen-
sion of pyrrole/CSA. The reaction mixture was then stirred
continuously for about 20 h, which resulted into the formation
of black colored slurry. The product thus formed was filtered
and washed several times with distilled water followed by meth-
anol, dried in an air oven at 80 8C for 6 h, and stored in a des-
iccator for further experimentation.
Likewise, binary doped TiO2@PPy coreshell nanocomposites
(polypyrrole encapsulated TiO2 nanoparticles) were prepared
using the method described above while different amounts
ultra-sonicated TiO2 nanoparticles were added to reaction mix-
ture as shown in Figure 1. As prepared materials were washed,
dried, converted to fine powder, and stored in a desiccator for
further analysis. Thus prepared material were designated as PPy,
TiO2@PPy-10, TiO2@PPy-20, and TiO2@PPy-30 containing 0%,
10%, 20%, and 30% of TiO2 w/w of pyrrole in the reaction
mixture, respectively. For electrical conductivity measurements,
0.30 g of each sample was pelletized at room temperature with
the help of a hydraulic pressure instrument at 100 kN pressure
applied for 15 min.
Characterization
The Fourier transform infrared spectroscopy (FTIR) spectra
were recorded using Perkin-Elmer 1725 instrument on KBr pal-
lets. To study the surface morphology, the field emission-
scanning electron microscopy (FE-SEM) was done using LEO
435-VF microscope. X-ray diffraction (XRD) data were recorded
by Bruker D8 diffractometer with Cu Ka radiation at 1.540 A˚
in the range of 58 2h 708 at 40 kV. PPy and TiO2@PPy core-
shell nanocomposites were studied in terms of DC electrical
conductivity by using a four-in-line probe with a temperature
controller (PID-200, Scientific Equipments, Roorkee, India).
The DC electrical conductivity was calculated by using the
equation:
r5 ln2
2S
W
  .
2pS
V
I
  
(1)
where I, V, W, and S are the current (A), voltage (V), thickness
of the pellet (cm), and probe spacing (cm), respectively, and r
is the conductivity (S/cm).37 Inductance-capacitance-resistance
(LCR) properties were studied only PPy and TiO2@PPy-20. For
dynamic adsorption-desorption studies, these pellets were
exposed to alcohol vapors and the response in term of electrical
conductivity change was investigated to distinguish different
types of alcohols.
RESULTS AND DISCUSSION
Oxidative Polymerization of Pyrrole by FeCl3 and Doping
Binary doped polypyrrole was prepared by chemical oxidation
of pyrrole in aqueous medium using FeCl3 as an oxidant and
CSA as surfactant as shown in eq. (2), Figure 1.
Figure 1. Schematic presentation of binary doping of polypyrrole by (a) FeCl3 and (b) CSA.
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FTIR Spectroscopic Study
In the FTIR spectrum of PPy, the main absorption peak was
observed at 3412 cm21 corresponding to stretching vibration of
N–H bond as shown in Figure 2. The characteristic absorption
bands for C5C, C5N, C–N stretching frequencies were
observed at 1551, 1306, and 1189 cm21, respectively.38 In case
of TiO2@PPy coreshell nanocomposites, the N–H, C5C, and
C5N stretching frequencies were slightly shifted and were
observed at 3419, 1562, and 1294 cm21, respectively. In addi-
tion to this, the band at 1201 cm21 correspond to C–N1
stretching and the band at 916 cm21 correspond to C5N1–C
stretching which are attributed to formation of bipolarons,
which evidently support their doping by FeCl3. It also suggest
that polypyrrole was oxidized by FeCl3, containing positively
charged entities.39 The slight increase in the N–H, C5C, C5N,
and C–N stretching frequencies may probably be attributed to
the interaction of PPy with TiO2 nanoparticles. Although, the
stretching frequencies corresponding to N–H bond of PPy were
slightly different from those of TiO2@PPy but their bending fre-
quencies were observed to be similar and were approximately
seen at 1050 cm21. The prominent absorption band of CSA
may be seen at 1644 cm21 supporting40 its presence in PPy and
TiO2@PPy coreshell nanocomposites.
X-Ray Diffraction (XRD) Analysis
The XRD patterns of the as-prepared PPy and TiO2@PPy-20
coreshell nanocomposites are shown in Figure 3. A characteristic
broad peak of PPy is centered at 26.658, which may be assigned
to the repeating units of pyrrole ring implying that the PPy is
amorphous. These results are also consistent with the PPy
obtained from conventional chemical or electrochemical meth-
ods.41 In XRD pattern of TiO2 nanoparticles, the characteristics
peaks were observed at 2 h5 25.508, 37.178, 48.338, 53.988,
55.508, 63.278, 68.928, 70.718, and 75.208 corresponding to
(101), (004), (200), (105), (211), (204), (116), (220), and (215)
planes, respectively.42 In TiO2@PPy-20 coreshell nanocomposite,
the peaks of TiO2 observed are comparatively weaker along with
a broad peak of PPy that indicates the formation of the
TiO2@PPy coreshell nanocomposite. The XRD results show that
the peak corresponding to PPy in the XRD pattern of
TiO2@PPy-20 coreshell nanocomposite is sharper than that in
PPy indicating higher degree of crystallinity of TiO2@PPy-20.
This may be attributed to the filling of voids present in the pol-
ypyrrole matrix by TiO2 nanoparticles, resulting a more ordered
growth of PPy.
Thermogravimetric Analysis (TGA)
The thermogravimetric analysis (TGA) of PPy and TiO2@PPy
coreshell nanocomposites are shown in Figure 4. The amount of
weight loss and thermal stability of the PPy and TiO2@PPy
coreshell nanocomposites were determined by means of TGA in
the range of 40–800 8C. It may be observed that the initial
weight loss below 150 8C for PPy may be attributed to the vola-
tilization of water and oligomers. Second weight loss observed
from 151 8C to 400 8C seems to be due to the degradation and
volatilization of camphorsulfonic acid. The melting point of
camphorsulfonic acid melts and volatilizes at 195 8C. The third
weight loss observed from 401 8C to 700 8C seems to be due to
the oxidative degradation of TiO2 stabilized polypyrrole nano-
composites. Camphorsulfonic acid stabilizes polypyrrole to a
great extent as has also been observed by Shubhra et al.43 They
observed a maximum weight loss of 70% in the polypyrrole
doped with camphorsulfonic acid similar to our findings. How-
ever, the PPy and TiO2@PPy-20 coreshell nanocomposites show
a minor weight loss throughout the temperature range
Figure 2. FTIR spectra of (a) as received TiO2, (b) PPy, (c) TiO2@PPy-10,
(d) TiO2@PPy-20, and (e) TiO2@PPy-30. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
Figure 3. XRD patterns of (a) TiO2, (b) PPy, and (c) TiO2@PPy-20.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
Figure 4. TGA thermograms of (a) PPy, (b) TiO2@PPy-10, (c)
TiO2@PPy-20, and (d) TiO2@PPy-30. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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indicating its higher thermal stability. In these cases, the disper-
sion of TiO2 nanoparticles and CSA dopant in the nanocompo-
sites plays an important role in changing the behavior of
thermo oxidation. The improved thermal stability of
TiO2@PPy-20 coreshell nanocomposite is hence attributed to
strong synergistic interaction between PPy and TiO2 nanopar-
ticles. As has been observed in other studies of these nanocom-
posites that the TiO2@PPy-20 coreshell nanocomposite is the
optimum composition for the formulation of a fairly good
nanocomposite. It seems that there is some relation between the
desirable properties including thermal stability of nanocompo-
sites with the TiO2 content in the nanocomposite formulations.
Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) was done to examine
the changes in physical states of the samples, glass transitions in
particular. The DSC thermograms of PPy and TiO2@PPy core-
shell nanocomposites are shown in Figure 5 in the temperature
range of 50–400 8C. The DSC curve of PPy showed a broad
endothermic dip at 143 8C, which can be attributed to the glass
Figure 5. DSC thermograms of (a) PPy, (b) TiO2@PPy-10, (c)
TiO2@PPy-20, and (d) TiO2@PPy-30. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
Figure 6. FE-SEM images of (a) TiO2, (b) PPy, and (c,d) TiO2@PPy-20 showing granular/spherical structure in two different magnifications. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 7. Initial DC Electrical conductivities of as-prepared (a) PPy, (b)
TiO2@PPy-10, (c) TiO2@PPy-20, and (d) TiO2@PPy-30. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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transition temperature of the polymer which was also perceived
by Aliyeh et al.44 The DSC plot of PPy further shows an inflec-
tion point at 370 8C, which can be attributed to the softening of
PPy. The DSC graphs of TiO2@PPy coreshell nanocomposites
are shown in Figure 4(b–d). It was observed that the glass tran-
sition temperature increased from 171–197 8C with increase in
TiO2 content from 10 to 30%, which can be due to more
ordered arrangement in the TiO2@PPy coreshell nanocompo-
sites as compared to PPy. It was also observed that the PPy
with 10% TiO2 content showed the inflection point at 380 8C
and the inflection point around 380 8C disappears with further
increase of TiO2 content to 20% and 30%.
Scanning Electron Micrograph Studies
The morphology of PPy and TiO2@PPy-20 coreshell nanocom-
posites were studied by FE-SEM and images are presented in
Figure 6. The FE-SEM micrograph with high magnification
[Figure 6(a)] clearly shows that the TiO2 cluster exhibits a
cloud-like structure comprised of spherical particles. The
FESEM image of PPy is shown in Figure 5(b). It shows that the
synthesized PPy is agglomerated by several nanoparticles. The
as-prepared TiO2@PPy-20 is composed of granules approxi-
mately of 1002 200 nm in diameter [Figure 5(c,d)]. The granu-
lar/spherical structure of PPy is associated with the TiO2
nanoparticles and CSA. The nanocomposites consisting of TiO2
nanoparticles bind to the surface of large PPy polymer granules
and their size remains unchanged due to the mild conditions of
in situ polymerization. The TiO2 nanoparticles are well dis-
persed in the nanocomposites. In these binary doped nanocom-
posites, no free TiO2 nanoparticles in presence of CSA were
observed which indicate that the TiO2 nanoparticles and CSA
have a nucleating effect on the pyrrole polymerization and
caused a homogeneous PPy shell around them. FE-SEM study
indicates the clear morphological transformations from PPy to
TiO2@PPy-20 coreshell nanocomposites.
DC Electrical Conductivity
The electrical conductivity (r) and charge carriers are related by
the expression:
r 5 nql (3)
where n is number of charge carriers, q is the elementary charge
(1.6 3 10219 C), and m is the charge carrier mobility.
The electrical conductivity of binary doped PPy and TiO2@PPy
coreshell nanocomposites with different amounts of TiO2 meas-
ured by 4-in-line-probe method is comparable to those of poly-
aniline (emeraldine salt) and its nanocomposites with inorganic
nanoparticles.45 DC electrical conductivities of as-prepared PPy
and TiO2@PPy coreshell nanocomposites were observed to
increase upto 20 wt % of TiO2 loading followed by decrease in
DC electrical conductivities on further loading to 30 wt % of
TiO2 as shown in Figure 7. The conductivity of PPy is 1.85 S/
cm, which increases to 4.53 S/cm and 5.80 S/cm in the nano-
composites containing TiO2 content 10 wt % and 20 wt % of
pyrrole, respectively. With the further increase in TiO2 content
to 30 wt % of pyrrole, the conductivity decreased to 3.32 S/cm.
This observed phenomenon is quite inconsistent with the results
of most conducting composites combined with inorganic nano-
particles.45 The presence of TiO2 nanoparticles may induce the
formation of more efficient network for charge transport in the
Figure 8. I–V characteristics of (a) PPy, (b) TiO2@PPy-10, (c) TiO2@PPy-
20, and (d) TiO2@PPy-30. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
Figure 9. (A) Variation of real part of dielectric constants with frequency of (a) PPy and (b) TiO2@PPy-20. (B) Variation of imaginary part of dielectric
constants with frequency of (a) PPy and (b) TiO2@PPy-20. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polypyrrole chains leading to higher conductivity. The reason
for the increased conductivity may be associated with the
increase in metallic regions in the nanocomposites, a reduction
in tunneling/hopping distance between the metallic regions and
the increased number of charge-carriers. The decrease in con-
ductivity shown with the introduction of 30 wt % of TiO2
nanoparticles in TiO2@PPy-30 may be associated to the hin-
drance in the transport of carriers between different molecular
chains of PPy due to increased Coulombic interactions leading
to lower carrier mobility.
LCR Studies
I–V Studies. In the current–voltage graph shown in Figure 8, it
may be observed that the highest voltage is shown by PPy at
room temperature and at a particular current value. The voltage
showed a decrease with the addition of 10 wt % and 20 wt %
of TiO2 content in the nanocomposites followed by an increase
in voltage in case of TiO2@PPy-30 at room temperature and at
a particular current value. From this analysis, it may be inferred
that the highest conductivity is shown by TiO2@PPy-20 fol-
lowed TiO2@PPy-10 followed by TiO2@PPy-30 followed by PPy
as conductivity is inversely proportional to voltage. The charac-
teristics of PPy and TiO2@PPy nanocomposites showed ohmic
variations, which are completely symmetrical with respect to the
voltage. This linear increase in current with applied voltage is
related to the conduction mechanisms of PPy and its nanocom-
posites. As the voltage increases, the formation of polarons and
bipolarons increase rapidly contributing to higher values of cur-
rent through the sample. The conduction in the metallic regions
occurs by the hopping of charge carriers through the polaron
structures that are formed after the binary doping of polypyr-
role by FeCl3 and CSA.
Dielectric Constants. The dielectric constant is represented as
E5 E0 – jE00. The first term (the real part of the dielectric con-
stant) describes the stored energy but the second term (imagi-
nary part of the dielectric constant) describes the dissipated
energy.46 The dielectric constant of the samples (both the real,
e0, and imaginary, e00, parts) shows a sharp decrease at lower fre-
quency and becomes almost constant or slowly decreases at
higher frequency [Figure 9(A,B)]. Dielectric relaxation, a phe-
nomenon that describes that the charge carrier localization is
not stable and frequency disturbances that affect the charge car-
rier localization, can be the reason for the decrease in the
dielectric constant with increasing frequency. The enhanced
dielectric constant was observed for TiO2@PPy-20 coreshell
nanocomposite than PPy and it was also observed that dielectric
constant increases with the addition of TiO2 nanoparticles [Fig-
ure 9(A:a,b)]. This is attributable to accumulation of charge
carriers in the internal surface of PPy matrix, which can be
explained by Max-well–Wagner–Sillars effects.46 The externally
applied electric field incites the charge carriers that can migrate
easily to the grains but these grains are accumulated at the boun-
daries, which in turn produce large polarization and high dielec-
tric constant. In PPy and TiO2@PPy-20, the high value of
dielectric constants was observed at low frequency which can be
attributed to the interfacial/space charge polarization TiO2@PPy-
20 coreshell nanocomposites. The polarization decreases with
increase in frequency and then reaches a constant value due to
the fact that beyond a certain frequency of external field, the
hopping of electrons between metal ions and PPy cannot follow
the alternating field. The increase in loading percent of TiO2
nanoparticles in the TiO2@PPy-20 coreshell nanocomposites
results into the formation of many interfaces between PPy and
TiO2 nanoparticles that enhances the accumulation of charge car-
riers in the internal surface of the PPy matrix.47
Dielectric Losses. As shown by the analysis, the PPy and
TiO2@PPy-20 coreshell nanocomposite exhibited frequency
dependent dielectric losses and they showed the uniform behav-
ior of dielectric losses although PPy and TiO2@PPy-20 coreshell
nanocomposite at higher frequency (Figure 10). The amount of
TiO2 nanoparticles in TiO2@PPy-20 coreshell nanocomposite
Figure 10. Variation of dielectric losses with frequency of (a) PPy and (b)
TiO2@PPy-20. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
Figure 11. Variation of AC electrical conductivity with frequency of (a)
PPy and (b) TiO2@PPy-20. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
Figure 12. Interaction between TiO2 nanoparticles and binary doped pol-
ypyrrole leading to the formation of nano p–n junctions.
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affected the dielectric losses. The low value of dielectric losses at
lower frequency may be attributable to the low resistivity caused
by grain boundaries.48 Moreover, the TiO2@PPy-20 coreshell
nanocomposite showed low dielectric losses than PPy which
suggests the suitability of TiO2@PPy-20 coreshell nanocompo-
site for the electronic applications in fabrication of capacitors.
Alternating Current (AC) Electrical Conductivity. Total electri-
cal conductivity rtot5ro Tð Þ1t x;Tð Þ is the summation of the
band and hopping fractions. The first term is DC conductivity
due to the band conduction, which is frequency independent.
The second term is the pure alternating current (AC) conduc-
tivity due to the electron hopping processes.49 AC conductivity
of TiO2@PPy-20 coreshell nanocomposite was found to be
higher than that of PPy as shown in Figure 11. Its analysis
showed that the AC conductivity of TiO2@PPy-20 coreshell
nanocomposite slowly increases with an increase in the fre-
quency of AC field and increases rapidly at higher frequencies.
The PPy shows a very slow increase in AC conductivity with
increase in frequency even at high frequency as compared to
TiO2@PPy-20 coreshell nanocomposite which may be due to
the increase in frequency leading to enhanced electronic
exchange occurring among the cations with two and three
valences existing in the sub-lattice of TiO2 nanoparticles. An
increase in AC conductivity was also observed with the loading
of TiO2 nanoparticles in TiO2@PPy-20 coreshell nanocomposite.
It was also observed that the presence of increased amounts of
TiO2 nanoparticles in the TiO2@PPy-20 coreshell nanocompo-
site causes a more radical increment in the AC conductivity at
high frequency, which may be attributed to the enhanced elec-
tron hopping phenomenon.50
Dynamic Absorption–Desorption Studies
In this proposed scheme, there are two types of electron trans-
fers in the TiO2@PPy coreshell nanocomposites. First electron
transfer between PPy and CSA/FeCl3 and second between the
Figure 13. Schematic diagram of formation of nano p–n junctions in TiO2@PPy (a) forward bias and (b) reverse bias. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
Scheme 1. Schematic presentation of alcohol sensing by TiO2@PPy-20. [Color figure can be viewed in the online issue, which is available at wileyonline-
library.com.]
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PPy and TiO2 (Figure 12). The DC electrical conductivity of
TiO2@PPy coreshell nanocomposites increased remarkably,
which can be attributed to the doping effect associated with
CSA, FeCl3, and TiO2, which induce the formation of more
number of charge carriers. The DC electrical conductivity was
found to increase with increasing contents of TiO2 nanopar-
ticles, which may be attributed to the increased mobility of
charge carriers, which increases the hopping rate of charge car-
riers. Further increasing the content of TiO2, it seems that the
mobility of charge carriers decreases due to Columbic interac-
tions, which leads to decrease in electrical conductivity. There-
fore, the delocalization effect along with formation of polarons
or bipolarons causes the enhancement of electrical conductivity.
Another explanation for decrease in electrical conductivity in
case of TiO2@PPy-30 may be given by effective p–n junction
formation between PPy and TiO2230 as follows. Binary doped
polypyrrole and TiO2 nanoparticles are p-type and n-type semi-
conductors, respectively. When the TiO2 nanoparticles are
encapsulated by PPy, nano p–n junction regions are generated
which leads to an increase in electrical conductivity as shown in
Figure 13. Because of the forward bias, the holes in p-type
region and electrons in n-type region are pressed towards the
junction which leads to the increase in the number of holes,
reduced width of depletion region and reduction in the negative
charge at the junction. In 30 wt % TiO2 content, the electrical
conductivity decreases probably due to the generation of reverse
bias. In the light of above discussion, the dynamic sorption–
desorption of PPy and TiO2@PPy-20 and its effect on electrical
conductivity is explained.
The alcohols butan-1-ol (18 alcohol), butan-2-ol (28 alcohol),
and 2-methyl propan-2-ol (38 alcohol) vapor sensitivity towards
PPy was analyzed by measuring the changes in the electrical
conductivity at room temperature (Scheme 1). The vapor sensi-
tivity towards PPy was investigated based on two different fac-
tors, namely, the response time and the sensing intensity. The
alcohol concentration in aqueous solutions used for these
experiments was 1 M. The polypyrrole pellets were firstly
exposed to alcohol vapors for 5 min and the exposed to air for
another 5 min. When PPy was exposed to alcohol vapors, it
was observed that the overall electrical conductivity decreases
with time. Different types of alcohols showed different
Figure 14. Effect on the DC electrical conductivity of PPy on exposure to
(a) 18, (b) 28, and (c) 38 alcohols with respect to time. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
Figure 15. Variation in conductivity of (a) 18 alcohol, (b) 28 alcohol), and
(c) 38 alcohol on PPy on alternating exposure to alcohols. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
Scheme 2. Binary doped polypyrrole and TiO2@PPy coreshell nanocom-
posites forming nano p–n junctions. ROH molecules interact at p–n nano
junctions formed at TiO2@PPy interface.
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behaviors and it was observed that in case of 18 alcohol, the
electrical conductivity decreased with increase in the time
period. The 28 alcohol showed greater decrease in electrical con-
ductivity as compared to the 18 alcohol. In case of 38 alcohol,
the electrical conductivity increases in comparison to 28 alcohol
but increase is less than that in 18 alcohol. The variation in elec-
trical conductivity is attributed to the charge transfer between
alcohol and polypyrrole. The sensitivity of polypyrrole and its
nanocomposites towards alcohol vapor molecules is due to the
adsorption of alcohol vapors on polypyrrole surface making an
unstable complex, which in turn reduces the electrical conduc-
tivity. When the PPy pallet was taken out from the alcohol
vapor (5–6 min), the conductivity decreased due to the adsorp-
tion of some of alcohol vapors over polypyrrole (Figure 14).
However, after the sixth minute the electrical conductivity
started to increase as the alcohol vapors started to desorb from
polypyrrole. The following reversible adsorption/desorption may
be suggested for their use in alcohol vapor sensing.
The reproducibility was measured by first keeping the sample in
alcohol vapors for 2 min followed by 2 min in air (Figure 15).
The 18 and 28 alcohols showed good reproducibility than 38
alcohol. The reason for the poor reproducibility shown by 38
alcohols may be attributed to the steric hindrance experienced
by 38 alcohol to interact with PPy surface hence decrease in
conductivity was least. On the other hand, 28 alcohol showed
the higher reproducibility due to good adsorption and
desorption.
The TiO2@PPy-20 coreshell nanocomposite may be seen as one
of the most favorable sensing materials due to its high alcohol
vapor sensitivity at room temperature. Polypyrrole behaved as
p-type semiconductor and TiO2 as n-type semiconductor lead-
ing to the formation of large number of nano p–n junctions as
shown in Scheme 2. When the composites were exposed to
alcohol vapors that acted as electron donor, the depletion region
changed and the electrical conductivity of conducting polymer
increased continuously. Therefore, the width of the depletion
region decreased and the conductivity of the polypyrrole chan-
nel increased, which was also observed by Patil and coworkers.51
Shaowei Chen and coworkers52 observed that enhancement in
charge carriers due to their interaction at molecular level with
the surface when TiO2 nanoparticles were exposed to alcohol
vapors. This ionic interaction decreased the thickness of deple-
tion region, which brought them close to each other and thus
enhanced the conductivity of TiO2 nanoparticles.
Rajesh et al. suggested that ZnO nanostructures are considered
as excellent material for fabrication of highly sensitive and selec-
tive gas sensors. They also discussed gas-sensing characteristics
such as gas response, response time, recovery time, selectivity,
detection limit, stability, and recyclability.53
The variation in electrical conductivity may be attributed to
the number of charge carriers distributed between alcohol mol-
ecules and the TiO2 nanoparticles encapsulated with polypyr-
role. The sensitivity of polypyrrole towards alcohol molecules
is due to the interaction of alcohol vapors on TiO2@PPy-20
interface forming an unstable complex, which in turn raises
the electrical conductivity. From the Figure 16, when the
TiO2@PPy-20 was taken out from the alcohol vapor the con-
ductivity decrease due to desorption of alcohol vapors from
the interface of TiO2@PPy-20. The 28 alcohol showed maxi-
mum response towards TiO2@PPy-20. The 18 and 38 alcohols
showed comparatively poor response as evident from lower
amplitude. The reproducibility of 18 and 38 alcohols is some-
what similar.
The reproducibility of response was measured by first keeping
the sample in alcohol vapors for 2 min followed by 2 min in air
as shown in Figure 17. The 28 alcohol showed the best reprodu-
cibility of response and highest amplitude. All the molecules of
28 alcohol adsorbed on the TiO2@PPy-20 surface get desorbed
on exposure to air, it may be suggested. The 18 and 38 alcohols
showed at least same and good reproducibility than secondary
alcohol. The reason for the least and almost equal reproducibil-
ity shown by primary and tertiary alcohols may be due to the
less inductive effect (1I-effect) and steric hindrance, respec-
tively. Quantitatively, both effects are of comparable extent and
affects the adsorption of incoming molecules upto same degree
resulting into almost same type of response. That’s why lesser
molecules of 18 and 38 alcohol are able to get adsorbed on the
TiO2@PPy-20 coreshell nanocomposite surface hence decrease
in conductivity was least.
Figure 16. Effect on the conductivity of TiO2@PPy-20 on exposure to dif-
ferent alcohols with respect to time. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
Figure 17. Variation in conductivity of TiO2@PPy-20 on alternate expo-
sure to alcohols. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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CONCLUSION
In summary, PPy and TiO2@PPy coreshell nanocomposites were
synthesized successfully via in situ polymerization method,
which were confirmed through different instrumental techni-
ques. We have presented a detailed study of electrical, dielectric,
and sensing properties. The electrical properties presented in
terms of DC electrical conductivity and I–V characteristics. The
binary doped TiO2@PPy-20 coreshell nanocomposite showed
better electrical, dielectric, and sensing properties. Electrical
conductivity studies showed the more efficient charge transport
behavior and may be applied in diode properties. At this stage,
we may suggest the formation of nano p–n junctions at the
nanocomposite of TiO2@PPy interface.
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Binary doped polypyrrole and polypyrrole/boron
nitride nanocomposites: preparation,
characterization and application in detection of
liqueﬁed petroleum gas leaks
Adil Sultan, Sharique Ahmad, Tarique Anwer and Faiz Mohammad*
We report an electrical conductivity based rapid response liqueﬁed petroleum gas (LPG) sensor using binary
doped polypyrrole and polypyrrole/boron nitride (PPy/BN) nanocomposites as the conductive material.
Binary doped PPy and PPy/BN nanocomposites have been synthesized using a chemical oxidative in situ
polymerization method using FeCl3 as an oxidant in the presence of camphorsulfonic acid (CSA). A PPy/
BN nanocomposite has also been synthesized using a chemical oxidative in situ polymerization method
using FeCl3 as an oxidant. PPy/FeCl3/CSA, PPy/BN/FeCl3 and PPy/BN/FeCl3/CSA were characterized
using Fourier transform infrared spectroscopy, X-ray diﬀraction, thermogravimetric analysis and ﬁeld
emission scanning electron microscopy. On the basis of these results, the well-organized structural
nanocomposites were successfully prepared owing to speciﬁc interactions between the PPy and the BN
nanosheets. The results indicated that the morphology and electrical properties of the nanocomposites
were signiﬁcantly inﬂuenced by the BN nanosheet loading and CSA. Transformation of non-conducting
PPy/BN/FeCl3 into conducting PPy/BN/FeCl3/CSA was also observed. Addition of CSA caused
a signiﬁcant increment in electrical conductivity due to binary doping of the nanocomposites. The as-
prepared PPy/FeCl3/CSA and PPy/BN/FeCl3/CSA nanocomposites were studied for the change in their
electrical conductivity on exposure to liqueﬁed petroleum gas (LPG) and ambient air at room
temperature with the possible use as a sensor for detection of LPG leaks.
1. Introduction
Among various applications, conducting polymers have been
used as sensors, due to their inherent electronic, optic and
mechanical transduction mechanisms.1–8 To enhance their
sensitivity, considerable eﬀorts have been focused on the
fabrication of nanometer scale conducting polymer materials.
The benecial characteristics of these materials include their
small dimensions, high surface area to volume ratio and
amplied sensitivity for sensor-transducer applications.9–13
Among the various morphologies of conducting polymer
nanostructures, nanoparticles oﬀer the advantages of being
small-diameter particles for device fabrication, facile fabrica-
tion steps, and uniform size and uniform deposition for sensor
electrode production without particle aggregation.14–21
Among the various conducting polymers, polypyrrole (PPy) is
especially promising in commercial applications because of its
good environmental stability, facile synthesis and higher
conductivity compared with many other conducting polymers.
The use of PPy has been demonstrated in biosensors, gas
sensors, wires, microactuators, antielectrostatic coatings, solid
electrolytic capacitors, electrochromic windows, displays, poly-
meric batteries, electronic devices, functional membranes and
so on.22–29
Hexagonal boron nitride (h-BN) is a layered material con-
sisting of two-dimensional (2D) atomically thin sheets of cova-
lently bonded boron and nitrogen stacked together by weak van
der Waals forces. Recently, researchers have been able to exfo-
liate bulk h-BN materials in large quantities to obtain high
surface area h-BN sheets using a wet chemical approach and
demonstrated its various applications.30 Hexagonal boron
nitride (h-BN) is an analogue of graphite and has tremendous
applications in elds ranging from optical storage to medical
treatment, photocatalysis and electrical insulation, due to its
wide direct band gap (5.79 eV) as well as its excellent chemical
stability and inoxidizability.31,32 Recent reports demonstrate
that lightweight nanocomposites have been prepared by incor-
porating thermally conductive nanomaterials such as carbon
nanotubes, graphene and boron nitride (BN) nanosheets.33–39
These individual nanomaterials have ultra-high thermal
conductivity due to limited phonon scattering and high phonon
velocity. BN is an electrical insulator with a dielectric constant
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of3–4 40 and thus it is widely used in the thermal management
of high power electronics and display applications, which is not
possible by using CNTs and graphene.
Conducting polymer composites are of great technical
interest as they exhibit a wide range of electrical, optical and
magnetic properties. Besides, conducting polymer composites
are prepared with various inorganic additives for improving the
thermal properties of these materials. Highly re-resistant
materials such as boron phosphate and huntite are also used
as additives. Besides, Shao et al. have also reported the eﬀect of
gas exposure on the electrical response of CNTs and graphene
on account of ease of functionalization at a molecular level.41
Later, Saha et al. reported that the development of CNT
networks has a direct inuence on the electrical properties and
potential applications of composite materials.42 Likewise,
hexagonal boron nitride (h-BN) is one of the additives used for
this purpose.43,44
Herein, we present a simple strategy for the preparation of
PPy/FeCl3/CSA and PPy/BN/FeCl3/CSA nanocomposites by
oxidative polymerization of pyrrole. The eﬀects of the addition
of BN nanosheets and binary doping on the physicochemical
properties are investigated. The morphology, thermal stability
and electrical conductivity of the resulting PPy/FeCl3/CSA and
PPy/BN/FeCl3/CSA nanocomposites were also investigated.
These surface engineered products were also examined for their
dynamic response of electrical conductivity towards LPG using
a simple 4-in-line probe electrical conductivity measurement set
up.
2. Experimental
2.1 Materials
Pyrrole 99% (Spectrochem, India), ferric chloride anhydrous
(Fisher Scientic, India), boron nitride (MK Nano, Canada),
camphorsulfonic acid (TCI, Tokyo) and methanol (E. Merck,
India) were used as received. The water used in these experi-
ments was double distilled.
2.2 Synthesis of binary doped PPy and PPy/BN
nanocomposites
Pyrrole (0.05 mol) and camphorsulfonic acid (0.01 mol) in 100
mL of distilled water were mixed. A solution of ferric chloride
(0.05 mol) in 100 mL distilled water was then added dropwise
into the mixture. The reaction mixture was stirred continuously
for about 20 h resulting in the formation of a black coloured
solid. The product (PPy/FeCl3/CSA) thus formed was ltered,
washed several times with distilled water and methanol, and
dried in an air oven at 80 C for 6 h.
PPy/BN nanocomposites were prepared by oxidative poly-
merization of pyrrole in the presence of BN nanosheets. In
a typical preparation, pyrrole (0.05 mol) and camphorsulfonic
acid (0.01 mol) in 100 mL of distilled water were mixed. A
uniform suspension of BN (100 mg) in 100 mL deionized water
prepared by ultra-sonication for 1 hour was then added into the
mixture. A solution of ferric chloride (0.05 mol) in 100 mL
distilled water was then added dropwise into the mixture at
room temperature with constant stirring. The colour of the
solution changed from greenish to black indicating the poly-
merization of pyrrole. The resulting solution was then stirred
for a further 20 hours. The resultant mixture was then ltered,
and washed thoroughly with distilled water to remove unused
reactants and byproducts until the ltrate became colourless. It
was further washed thoroughly with methanol to remove any
other impurities. The product (PPy/BN/FeCl3/CSA) was dried at
80 C for 6 hours. PPy/BN/FeCl3 was also prepared using the
same procedure mentioned above without using CSA. The
nanocomposite materials were kept in a desiccator for further
experiments. For the electrical conductivity measurements, 0.30
g of material from each sample was pelletized at room
temperature with the help of a hydraulic pressure instrument at
100 kN pressure for 15 min.
3. Results and discussion
3.1 Preparation of PPy and PPy/BN nanocomposites
Polypyrrole and polypyrrole/BN nanocomposites were prepared
by oxidation of pyrrole in aqueous medium using FeCl3 as an
oxidant in the presence and absence of CSA. Thus, the prepared
PPy/FeCl3/CSA, PPy/BN/FeCl3 and PPy/BN/FeCl3/CSA were
labelled as PPy-2, PPy/BN-1 and PPy/BN-2, respectively, where 1
stands for singly doped and 2 stands for binary doped samples
as shown in Fig. 1.
3.2 Characterization
The morphology, structure and chemical composition of PPy
and PPy/BN nanocomposites were characterized using a variety
of techniques including Fourier transform infrared spectros-
copy (FTIR) carried out using a Perkin-Elmer 1725 instrument,
X-ray powder diﬀraction (XRD) and eld emission scanning
electron microscopy carried out using a LEO 435-VF. PPy and
PPy/BN nanocomposites were studied in terms of their DC
electrical conductivity retention under isothermal and cyclic
ageing conditions. A four-in-line probe with a temperature
controller PID-200 (Scientic Equipment, Roorkee, India) was
used to measure the DC electrical conductivity and its temper-
ature dependence. The DC electrical conductivity was calculated
using the following equation:
s ¼

ln 2

2S
W


2pS

V
I
 (1)
where I, V, W and S are the current (A), voltage (V), thickness of
the pellet (cm) and probe spacing (cm), respectively, and s is the
conductivity (S cm1).45 In isothermal stability testing, the
pellets were heated at 50 C, 70 C, 90 C, 110 C and 130 C and
the DC electrical conductivity was measured at an interval of 10
min in the accelerated ageing experiments. In the case of the
cyclic ageing technique, DC conductivity measurements were
taken 5 times at an interval of about 80 min within the
temperature range of 40–150 C. In the sensing experiment, two
pellets of PPy-2 and PPy/BN-2 were tested for their LPG sensing
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property. A cigarette lighter operated by commercially available
dry LPG with a regulated ow rate of 16.66 ppm per s was used
in the experiment.
3.3 FT-IR spectroscopic study
The FT-IR spectra of the PPy-2 and PPy/BN nanocomposites
were recorded on KBr pellets. The FTIR spectrum of PPy-2
shows the main absorption peak at 3429 cm1 corresponding
to the stretching vibration of N–H bonds as shown in Fig. 2. The
characteristic absorption bands for C]C, C]N and C–N
stretching frequencies were obtained at 1539, 1304 and 1172
cm1, respectively. In the case of PPy/BN nanocomposites the
N–H, C]C, C]N and C–N stretching frequencies were
observed at 3419, 1558, 1313 and 1192 cm1, respectively. The
absorptions bands obtained at around 1380 cm1 can be
attributed to BN stretching. The slight increase in the N–H, C]
C, C]N and C–N stretching frequencies is probably attributed
Fig. 1 Schematic presentation of the formation of PPy-2, PPy/BN-1 and PPy/BN-2.
Fig. 2 FT-IR spectra of: (a) PPy-2, (b) PPy/BN-1, (c) PPy/BN-2 and (d) BN.
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to the interaction of PPy and BN nanosheets. Although the
stretching frequencies corresponding to the NH bonds of PPy
were diﬀerent from that in PPy/BN, their bending frequencies
were observed to be at the same frequencies and were approx-
imately obtained at 1030 cm1. The prominent absorption band
of CSA was clearly observed at 1633 cm1, which evidently
supports the formation of PPy-2 and PPy/BN-2 nanocomposites.
3.4 X-ray diﬀraction (XRD) analysis
The crystal structure of the as-prepared PPy-2 and PPy/BN
nanocomposites was characterized by XRD. Fig. 3a shows the
spectra of PPy-2. The appearance of a broad peak in the region
of 2q ¼ 26.38 in PPy-2 suggests the presence of polypyrrole.
Fig. 3b shows the XRD spectrum of the PPy/BN-1 nano-
composite. The spectrum shows the peaks corresponding to
both PPy and BN. Fig. 3c shows the spectrum of PPy/BN-2. The
gure shows the peaks relating to PPy and BN, which suggests
that the structure of the nanocomposite is not altered by the
addition of CSA. The broad peak observed at 2q ¼ 26.26,
suggests that the amorphous nature of polypyrrole and the
crystalline nature of BN has been merged and shied from
25.66 in the nanocomposite. Fig. 3d shows that the peaks at 2q
values of 25.66, 37.10, 40.83, 43.55, 49.24, 54.23 and 76.81
correspond to BN.
3.5 Thermogravimetric analysis (TGA)
The amount of weight loss and thermal stability of the PPy-2,
PPy/BN-1 and PPy/BN-2 nanocomposites were determined by
means of TGA in the range of 40–600 C. From Fig. 4, it may be
observed that the degradation process involved the loss of water
in PPy and PPy/BN nanocomposites, the elimination of the
dopant and the dedoping process of the polymer. It is clear that
decomposition of PPy-2 started at approximately 191 C, while
at 226 C for the PPy/BN-2 nanocomposite, and all had three
weight loss processes. The PPy/BN and PPy/BN-2 nano-
composites show a higher thermal stability than that of PPy-2.
The shi in decomposition temperature may be related to the
interaction between CSA and BN. It is found that in CSA with
PPy/BN, little diﬀerence could be observed in the thermal
stability of the nanocomposites but with an obvious decrease in
Fig. 3 XRD spectra of: (a) PPy-2, (b) PPy/BN-1, (c) PPy/BN-2 and (d) BN.
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the residual weight. The nanocomposites synthesized with and
without CSA showed better thermal stability than pure PPy-2
with increased temperature.
3.6 Scanning electron micrograph studies
The morphologies and shapes of pure BN, PPy-2, PPy/BN-1 and
PPy/BN-2 nanocomposites were characterized using FE-SEM
and the obtained images are presented in Fig. 5.
The FE-SEM micrograph with high magnication (Fig. 5a)
clearly shows the nanosheet like structure of BN. The FE-SEM
image of PPy-2 nanoparticles is shown in Fig. 5b. It shows
that the synthesized polypyrrole is agglomerated by several
nanoparticles. The as-prepared PPy/BN-1 is composed of gran-
ules approximately 100–200 nm in diameter (Fig. 5c) and the
granular structure of PPy is associated with the BN. In Fig. 5d
PPy/BN-2 shows the granular/spherical structures associated
with CSA. The eﬀect of CSA on the PPy/BN nanocomposite
Fig. 4 TGA curves of: (a) PPy-2, (b) PPy/BN-1 and (c) PPy/BN-2.
Fig. 5 FE-SEM images of: (a) BN, (b) PPy-2, (c) PPy/BN-1 and (d) PPy/BN-2 nanocomposites showing granular/spherical structures at diﬀerent
magniﬁcations.
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morphology is seen clearly in Fig. 5c and d. The nanocomposite
prepared with CSA exhibited a less compact morphology and
seems to be more regular as evident from Fig. 5d, whereas the
sample prepared without the surfactant exhibits a very dense
and compact structure as shown in Fig. 5c. As the concentration
of the incorporated CSA increased, less agglomeration and
a better dispersion were obtained. The nanocomposites con-
sisting of BN bind to the surface of large PPy polymer granules
and their size remains unchanged due to the mild conditions of
the in situ polymerization. The BN is well dispersed in the
nanocomposites and no free BN nanoparticles were present,
which indicates that the BN nanoparticles and CSA have
a nucleating eﬀect on the pyrrole polymerization and caused
a homogeneous PPy shell around them.
4. Electrical conductivity
The DC electrical conductivity of PPy-2 and PPy/BN nano-
composites with and without CSA was measured using a 4-in-
line probe technique. The electrical conductivity showed
a decrease from 0.466 S cm1 to 0.234 S cm1 aer loading
boron nitride with CSA, but the PPy/BN-1 nanocomposites did
not show electrical conductivity. In order to complete its octet, B
atoms interact with the lone pair of electrons of N atoms of BN
and thus B–N bonds become extremely polar. The highly polar
B–N bonds strongly bind the polarons of the PPy and the
counterion FeCl4
 and lock them. This causes the loss of
mobility in the polarons leading to the loss of electrical
conductivity in PPy/BN as shown in Fig. 6. In the CSA doped
PPy/BN-2 nanocomposites, the addition of BN increases the
compactness of the sample, causing lesser coupling through the
grain boundaries which in turn reduces the electrical conduc-
tivity. Whereas, in the absence of CSA in the PPy/BN-1 nano-
composites, no electrical conductivity was observed which may
be due to the locking of positive charges on PPy by BN and
therefore the electrical conductivity is lost due to non-mobile
positive charges. With the addition of CSA, a higher
crystallinity is obtained which facilitates an improvement in the
charge transfer mechanism and hence, results in increased
electrical conductivity.46 The increase in electrical conductivity
may also be due to the unlocking of polarons or bipolarons
because of the interaction of CSA. The electrical conductivity is
regained as positive charges become mobile, as shown in Fig. 1.
4.1 Isothermal stability studies
The stability, in terms of the DC electrical conductivity reten-
tion, of the PPy-2 and PPy/BN-2 nanocomposites was studied
Fig. 6 Initial DC electrical conductivity of: (a) PPy-2, (b) PPy/BN-1 and (c) PPy/BN-2 nanocomposites.
Fig. 7 Change in the relative electrical conductivity of: (a) PPy-2 and
(b) PPy/BN-2 nanocomposites under isothermal ageing conditions.
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under isothermal ageing conditions as shown in Fig. 7. The
relative electrical conductivity was plotted against time for each
temperature as given in the equation below:
sr;t ¼ st
s0
(2)
where sr,t ¼ relative electrical conductivity at time t, st ¼ elec-
trical conductivity at time t, and s0 ¼ electrical conductivity at
time zero.
To investigate the stability, in terms of the DC electrical
conductivity retention, of these materials, the best method is to
compare the relative electrical conductivity with respect to time
at diﬀerent temperatures for diﬀerent samples. The DC
conductivity of the samples (5 readings of each sample were
taken at an interval of 5 min) was measured at the temperatures
50, 70, 90, 110 and 130 C. Fig. 7a shows that the electrical
conductivity of PPy-2 is fairly stable at 50 C, 70 C and 90 C. In
the case of PPy/BN-2, the electrical conductivity is fairly stable at
50 C, 70 C and 110 C, as shown in Fig. 7b. The instability
shown by PPy/BN-2 at 90 C seems to be due to instrumental
deviation. Thus, PPy-2 is observed to be more stable than PPy/
BN-2 in terms of electrical conductivity under the isothermal
ageing condition.
4.2 Stability under cyclic ageing
The stability, in terms of the DC electrical conductivity reten-
tion, of the PPy-2, PPy/BN-1 and PPy/BN-2 nanocomposites was
also studied using a cyclic ageing technique, also within the
temperature range of 40 C to 130 C, as shown in Fig. 8. The
conductivity measurements were also recorded for subsequent
cycles and it was observed that the conductivity decreased
gradually from the rst to h cycle, showing a regular trend in
all cases. The relative electrical conductivity was calculated
using the following equation:
sr ¼ sT
s40
(3)
where sr is the relative electrical conductivity, sT is the electrical
conductivity at temperature T (C) and s40 is the electrical
conductivity at 40 C.
The decrease in electrical conductivity with the introduc-
tion of BN in the nanocomposite structure is supposed to be
due to the insulating behaviour of boron nitride, because
its outer electrons are bound by nitrogen atoms, thus the
hindrance in the transport of carriers between diﬀerent
molecular chains of PPy and the interaction at the
interface of PPy and boron nitride probably led to the
reduction of the conjugation length of PPy in the nano-
composites. In the case of the PPy/BN-2 nanocomposites the
electrical conductivity increases due to the doping of CSA and
increase in the number of charge carriers, which can be
connected to the delocalization eﬀect of doping and forma-
tion of the polarons or bipolarons in the nanocomposite
structure, thus enhancing the electrical conductivity of the
nanocomposites.
Fig. 8 The relative electrical conductivity of: (a) PPy-2 and (b) PPy/BN-2 nanocomposites under cyclic ageing conditions.
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4.3 I–V studies
The current versus voltage plots of the PPy-2, PPy/BN-1 and PPy/
BN-2 nanocomposites are shown in Fig. 9. The I–V character-
istics of these samples were recorded at 80 C. The PPy-2 and
PPy/BN-2 nanocomposites showed that current increases with
the increase in voltage while PPy/BN-1 does not show this eﬀect.
From Fig. 9, it is observed that a higher electrical conductivity is
shown by PPy-2 than by PPy/BN-2, as electrical conductivity is
inversely proportional to voltage. The PPy-2 and PPy/BN-2
showed ohmic variations which are fairly regular with respect
to the applied voltage. This linear increase in current with the
applied voltage is related to the conduction mechanism of PPy
and its nanocomposites. PPy/BN-1 showed the I–V behaviour of
an insulator.
5. LPG sensing
Though LPG is known as one of the most common domestic
fuels, its leakage even at ppm levels may cause irritation and
breathing problems in human beings. LPG is comprised mainly
of butane and traces of ethyl mercaptan for its characteristic
odor that causes irritation and breathing problems. To study
this, we became interested in examining LPG leaks using the
materials prepared, in view of –SH groups of ethyl mercaptan
having a strong tendency to interact withmolecules like PPy and
BN at room temperature (25 C). The source of LPG was
a commercial lighter with a regulated ow rate, and the amount
of LPG used for the sensing study was 2 g.
Dhawale et al. have synthesized a polyaniline/ZnO nano-
composite by electrodepositing polyaniline on a chemical bath
deposited ZnO lm. They investigated liqueed petroleum gas
(LPG) detection using their as prepared nanocomposite, and
compared this with N2 and CO2 gases and LPG exhibited the
maximum response upon exposure of LPG.47 Later, S. Barkade
et al. synthesized a PPy/ZnO nanocomposite using an in situ
miniemulsion polymerization of pyrrole, which is suitable for
liqueed petroleum gas (LPG) sensor development. They
observed that the controlled size of the hybrid particles using
this synthesis strategy minimizes the response time for sensing
LPG signicantly.48 However, we have observed that the eﬀect of
ambient air exposure to the polypyrrole decreases the electrical
conductivity in our previous work.49 But, herein, we have tried to
forward our continued eﬀorts and examine the eﬀect of LPG
molecules on the electrical conductivity (Fig. 10).
The LPG gas sensitivity of PPy-2 was analysed by measuring
the changes in the electrical conductivity at room temperature.
The response time and sensing intensity are the two diﬀerent
factors by which the gas sensitivity of PPy-2 was investigated.
Gas sensitivity was measured for 60 seconds, aer which the
pellet was exposed to air for a further 60 seconds. When PPy-2
was exposed to the gas, it was observed that the electrical
conductivity decreased with the increase in time. The reason for
this observed decrease may be due to the nucleophilic property
of the thiol group of ethyl mercaptan, the inherent component
of LPG which donates its electron density to electron decient
polypyrrole. This decreases the mobility of charge carriers
leading to a decrease in the electrical conductivity. This
lowering in charge carriers along with decreased delocalization
causes the drop in electrical conductivity. When the pellet was
exposed to air, the electrical conductivity started to increase
with time and reached its maximum value aer 60 seconds, due
to the desorption of ethyl mercaptan from the surface of PPy-2
(Fig. 11).
The DC electrical conductivity was measured in order to
evaluate the reversibility response of PPy-2. This reversibility
was measured by rst keeping the sample in gas for 10 s fol-
lowed by 10 s in air for a total duration of 120 seconds. As
observed from Fig. 12 the material shows good reversibility.
The gas sensitivity of PPy/BN-2 was analysed by measuring
the changes in the electrical conductivity at room temperature.
Fig. 9 I–V characteristics of: (a) PPy-2, (b) PPy/BN-1 and (c) PPy/BN-2 nanocomposites.
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Gas sensitivity was measured for 60 seconds, aer which the
pellet was exposed to air for a further 60 seconds. When PPy/BN-
2 was exposed to the gas, it was observed that the electrical
conductivity sharply decreased with the increase in time, and
then levelled oﬀ for the reasons mentioned in previous para-
graph. When the pellet was exposed to air, the electrical
conductivity started to increase with time, and then decreased
and became constant. It may be suggested that the nano-
composite is composed of two components viz. binary doped
PPy and BN salt with CSA. The two components interact with the
lone pair of ethyl mercaptan diﬀerently i.e. a reversible
interaction with the binary doped polypyrrole and an irrevers-
ible interaction with the BN salt with CSA (Fig. 13).
The DC electrical conductivity of the PPy/BN-2 composite
was also measured in order to evaluate the reproducibility
response as was done in the previous case. The reproducibility
was measured by rst keeping the sample in gas for 10 s fol-
lowed by 10 s in air for a total of 120 seconds. It may be observed
from Fig. 14 that the nanocomposite showed poor reversibility
compared to PPy-2, which conrms that no desorption of gas
molecules from the surface occurs.
Fig. 10 Real set up of the gas sensor unit and schematic of the four probe measurement unit.
Fig. 11 Eﬀect on the DC electrical conductivity of PPy-2 on exposure to LPG with respect to time.
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5.1 Proposed mechanism for LPG sensing
The sensing mechanism of LPG gas was explained on the basis
of adsorption and desorption processes through the DC elec-
trical conductivity at room temperature. A variation occurs in
the DC electrical conductivity aer exposure to LPG. As the PPy-
2 is exposed to LPG, the electrical conductivity decreases. The
decrease in electrical conductivity is attributed to the decrease
in charge carriers as the LPGmolecules reach the surface of PPy-
2. When the pellet is then exposed to air, the electrical
conductivity reaches back to the starting value. In the case of the
PPy/BN-2 nanocomposite, the DC electrical conductivity
decreases aer exposure to LPG and remains almost the same
aer exposure to air. The change in DC electrical conductivity
may be due to physico-chemical adsorption between the
nanocomposite and absorbed gas molecules (Scheme 1).
The chemical composition of LPG is butane, propane, traces
of ethyl mercaptan and other hydrocarbons. At room tempera-
ture, only ethyl mercaptan is reactive, butane, propane and the
other hydrocarbons do not react. In the case of PPy-2, the ethyl
mercaptan is adsorbed on the surface via interactions between
the lone pairs of sulfur and the polaron of the polypyrrole ring.
This interaction leads to the localization of polypyrrole ring
electrons which in turn causes the decrease in the mobility of
charge carriers, thereby decreasing the electrical conductivity.
In the case of the PPy/BN-2 nanocomposite, the lone pairs of
nitrogen and the polarons of the polypyrrole ring interact with
the electron decient nitrogen and negatively charged boron
atoms of the boron nitride ring, respectively. As the LPG gas
Fig. 12 Variation in the DC electrical conductivity of PPy-2 on alternating exposure to LPG and air.
Fig. 13 Eﬀect on the DC electrical conductivity of PPy/BN-2 on exposure to LPG with respect to time.
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interacts with this nanocomposite, the lone pairs of the sulfur
atoms of ethyl mercaptan bind strongly with the polarons of the
polypyrrole ring, which decreases the electrical conductivity.
Aer the composite is exposed to air, the irreversible nature of
conductivity is observed because of the strong interaction of
ethyl mercaptan with the polarons of the polypyrrole ring.
6. Conclusion
The PPy/BN nanocomposite with and without CSA was
successfully synthesized using an in situ polymerization
method. FTIR and XRD analysis conrmed the presence of BN
and PPy. FESEM analysis shows the uniform dispersion of the
BN in the polypyrrole and the eﬀect of CSA can be clearly seen.
DC electrical conductivity was observed with the addition of
CSA in the PPy/BN nanocomposite. The results highlighted that
this material can be applied in the gas sensing eld to develop
LPG sensors with performances suitable for practical applica-
tion. Therefore, this sensor based on PPy/BN-2 may be useful for
single shot investigations i.e. as a dosimeter.
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A highly sensitive chlorine gas sensor and enhanced
thermal DC electrical conductivity from
polypyrrole/silicon carbide nanocomposites
Adil Sultan, Sharique Ahmad and Faiz Mohammad*
In this communication, we report the synthesis of polypyrrole (PPy) and polypyrrole/silicon carbide
nanocomposites (PPy/SiC) and PPy/SiC/dodecylbenzenesulfonic acid (DBSA) by an in situ chemical
polymerization method and their application as a sensor for the detection of highly toxic chlorine gas. The as
prepared PPy, PPy/SiC and PPy/SiC/DBSA nanocomposites were conﬁrmed by Fourier transform infrared
spectroscopy, thermogravimetric analysis, X-ray diﬀraction, ﬁeld emission electron microscopy and
transmittance electron microscopy technique. The PPy/SiC/DBSA nanocomposite was found to possess
higher DC (direct current) electrical conductivity as compared to that of PPy and PPy/SiC. The sensing
response was determined on the basis of change in DC electrical conductivity. The response of PPy and both
of the nanocomposites, was found to be highly sensitive and reversible to chlorine gas. This study seems to
be promising as an eﬀective approach towards the sensing technology for the detection of chlorine gas.
1. Introduction
Conducting polymers, synthesized by Nobel Prize awardees Shir-
akawa, MacDiarmid and Heeger, have emerged as class of poly-
meric materials of a very high rank.1 Furthermore, they have
established their feet in commercial usage especially in optical
and microelectronic devices, chemical sensors, catalyzers, drug
delivery system and energy storage systems.2–9 In the age of
nanoscience and nanotechnology, development of nanostructures
from the conducting polymers, for manufacturing nanowires/
nanotubes in particular, have engrossed by a large number of
scientists and researchers world over.10 The chemical gas sensors
based on nanowires have established their position in the elds of
clinical assaying, environmental emission control, explosives
detection, agricultural storage and shipping and workplace
hazards monitoring. Conducting polymers such as PPy, polyani-
line, polythiophene and their nanocomposites have also been
employed for the sensing of organic vapors such as methanol,
ethanol, chloroform, dichloromethane, hexane etc.Other analytes
encompass amino acids, polyhydric compounds, water vapor,
hydrogen sulde, hydrochloric acid, ammonia etc.11–16 Many
studies on chemical sensors have been done in recent times but it
would remain amatter of confrontation for researchers to develop
or produce the eﬃcient, eﬀective, scalable and precise sensor
systems based on nanostructured materials.
In silicon carbide (SiC), the interest is driven by numerous
potential applications due to its outstanding properties such as
having high mechanical strength, tunable wide band gap, auspi-
cious for high temperature, high frequency and high hardness
applications.17–22Recently nanocomposites of SiCwith PPy and Pani
were synthesized and investigated for their electrical conductivity,
magnetoresistive and their physiochemical properties.23–26
In the present work, PPy and PPy/SiC nanocomposites are
synthesized via oxidative chemical polymerization method
using ferric chloride as an oxidant and in presence and absence
of dodecylbenzene sulfonic acid as surfactant. The thermal
stability, morphology, thermal dc electrical conductivity and
chlorine gas sensing of resulting PPy and PPy/SiC nano-
composite are investigated. The resulting PPy exhibits rapid
response and is highly sensitive towards chlorine gas as
compared to PPy and PPy/SiC nanocomposites.
2. Experimental
2.1 Materials
Pyrrole 99% (Spectrochem, India), anhydrous ferric chloride
(Fisher Scientic, India), silicon carbide 50 nm (MK Nano
Canada), dodecylbenzene sulfonic acid (DBSA) (TCI, Tokyo) and
methanol (E. Merck, India) were used as received. The water
used in these experiments was double distilled.
2.2 Preparation of PPy and PPy/SiC nanocomposites
PPy and PPy/SiC nanocomposites were prepared by oxidation of
pyrrole in aqueous medium using FeCl3 as an oxidant and DBSA as
surfactant. PPy was synthesized by oxidative polymerization
method. Pyrrole (0.05mol) in 100mL of distilled water was agitated.
A solution of ferric chloride (0.05mol) in 100mL distilled water was
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then poured drop-wise into the aqueous suspension of pyrrole. The
reactionmixture was then stirred continuously for about 10 hwhich
resulted into the formation of black colored slurry. The product thus
formed was ltered and washed several times with distilled water
followed by methanol, dried in an air oven at 80 C for 6 h and
stored in a desiccator for further experimentation.
Likewise, PPy/SiC nanocomposites were prepared using the
method described above while ultra-sonicated SiC nanoparticles
(200 mg in 100 mL) were added to reaction mixture in presence
and absence of DBSA (5 mmol). As prepared nanocomposites
were washed, dried, converted to ne powder and stored in
a desiccator for further analysis. Thus prepared material were
designated as PPy, PPy/SiC and PPy/SiC/DBSA respectively.
2.3 Characterization
The Fourier transform infrared spectroscopy (FTIR) spectra
were recorded using Perkin-Elmer 1725 instrument on KBr
pallets. To study the surface morphology, the eld emission-
scanning electron microscopy (FE-SEM) was done using LEO
435-VF microscope. The transmittance electron microscopy
(TEM) was done using Technai G2 20 S-TWIN. The thermogra-
vimetric analysis was performed on the selected samples of the
nanocomposites by Perkin Elmer (Pyris Dimond) instrument,
heating the samples from 24 C to 1000 C at the rate of 10
C min1 in nitrogen atmosphere at the ow rate of 200 mL
min1. X-ray diﬀraction (XRD) data were recorded by Bruker D8
diﬀractometer with Cu Ka radiation at 1.540A in the range of 5
# 2q # 70 at 40 kV. The thermal stability of PPy and PPy/SiC
nanocomposites were studied in terms of DC electrical
conductivity retention under isothermal and cyclic ageing
conditions by using a four-in-line probe with a temperature
controller (PID-200, Scientic Equipments, Roorkee, India). The
DC electrical conductivity was calculated by using the equation:
s ¼

ln 2

2S
W

2pS

V
I

(1)
where I, V,W and S are the current (A), voltage (V), thickness of the
pellet (cm) and probe spacing (cm) respectively and s is the
conductivity (S cm1).27 In isothermal stability testing, the pellets
were heated at 50 C, 70 C, 90 C, 110 C, 130 C and 150 C and
the DC electrical conductivity was measured at an interval of 10
min in the accelerated ageing experiments. In case of cyclic ageing
testing, DC conductivity measurements were done 5 times at an
interval of about 80 min within the temperature range of 40–150
C. Sensing study was done using four-in-line probe (PID-200,
Scientic Equipments, Roorkee, India). For electrical conduc-
tivity and sensing measurements, 150 mg of each sample was
pelletized at room temperature with the help of a hydraulic pres-
sure instrument at 70 kN pressure applied for 20 min.
3. Results and discussion
3.1 FTIR studies
Fig. 1 shows the FTIR spectra of PPy, PPy/SiC and PPy/SiC/DBSA.
The characteristic peaks of PPy at 3414 cm1, 1535 cm1, 1455
cm1, 1295 cm1, 1164 cm1 and 1035 cm1 may be attributed
N–H stretching, C]N bending, C]C stretching, ]C–H
bending, C–C stretching and ]C–H bending respectively. The
band at 905 cm1 correspond to C]N+–C stretching and has
been attributed to the polaron band characteristic of the doping
suggesting that the PPy support is in its oxidized state and
contains positively charge entities (N+) as shown in Fig. 1a.28
The slight increase in the N–H, C]C, C]N and C–N stretching
frequencies may be attributed to the interaction of PPy with SiC
nanoparticles as shown in Fig. 1b and c.
3.2 X-ray diﬀraction analysis
The XRD analysis (Fig. 2) is exhibited in XRD pattern of the PPy,
PPy/SiC and PPy/SiC/DBSA nanocomposites. The XRD pattern of
PPy shows an amorphous broad peak at 2q ¼ 24.41 (Fig. 2a)
indicating the formation of amorphous PPy. Fig. 2b shows the
pattern of PPy/SiC in which the peak at 2q value of 25.38
correspond to PPy and the peaks at 2q values of 35.80, 60.11
and 71.90 correspond to the presence of silicon carbide
nanoparticles in the PPy/SiC nanocomposite. In the case of PPy/
SiC/DBSA, the broad peak of PPy shied from 2q value 24.41 to
21.08. The peaks at 2q ¼ 35.80, 56.39, 60.12 and 71.90
containing SiC nanoparticles correspond to the (111), (200),
(220) and (311) planes of SiC as shown in Fig. 2c.23 PPy is always
amorphous and shows a broad peak in XRD. However, sharp
Fig. 1 FT-IR spectra of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA.
Fig. 2 XRD patterns of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA.
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peaks may also appear if some crystalline material is present in
the PPy. In this case, the broad peak corresponds to amorphous
PPy and the sharp peaks correspond to crystalline SiC present in
the PPy/SiC/DBSA nanocomposite.
3.3 Thermogravimetric analysis
TG, DTG and DTA thermograms of PPy, PPy/SiC and PPy/SiC/
DBSA are shown in Fig. 3. The amount of weight loss and
thermal stability of the PPy, PPy/SiC and PPy/SiC/DBSA nano-
composites were determined by TGA in the range of 40–1000 C.
In the TGA of PPy, the initial weight loss was observed at 50–150
C attributed due to the volatilization of watermolecules as shown
in Fig. 3a. Subsequent and nal weight loss starting from 200 C
may be attributed to the thermo oxidative degradation of the PPy
and volatilization of FeCl3. The complete decomposition of PPy
backbone was observed around 650 C. DTA curve shows a broad
exothermic peak at285 C for PPy which can be attributed to the
glass transition temperature of the polymer and DTG analysis
show peaks corresponding to decomposition of PPy at 64, 283 and
604 C with 42 mg min1, 78 mg min1 and 131 mg min1 weight
losses, respectively. In case of PPy/SiC, the decomposition
occurred below 300 C, which is lower than the decomposition
temperature of PPy and can be attributed to the addition of SiC
nanoparticles. SiC is highly thermally stable (mp 2730 C) crys-
talline material. The diﬀerence in the initial weight loss behavior
of PPy and PPy/SiC is minor as shown in TGA and may be due to
diﬀerence in the amounts of moisture or oligomers in the two
samples. Else the two samples show similar stability. It may be
noted that it is only PPy which is undergoing thermo-oxidative
degradation in both the samples i.e. PPy and PPy/SiC as SiC
does not degrade up to this temperature. DT and DTG analysis
showed behavior similar to PPy and are given in Fig. 3b. In case of
PPy/SiC/DBSA, the decomposition temperature increases as
shown in Fig. 3c. The addition of SiC and DBSA in the nano-
composite plays an important role in changing behavior of
thermo oxidation. The improved thermal stability of PPy/SiC/
DBSA is hence attributed to strong synergistic interactions
among PPy, DBSA and SiC nanoparticles. DT and DTG analysis
show behavior diﬀerent to that of PPy and PPy/SiC.
3.4 Scanning electron micrograph studies
Fig. 4 shows the micrographs of as received SiC, PPy and their
corresponding PPy nanocomposites. The FE-SEM image of PPy
is shown in Fig. 4a. It shows that the synthesized PPy is
agglomerated spherical shaped clusters by several nano-
particles. The FE-SEM micrograph with high magnication
clearly shows that the SiC exhibits a corals-like ridges structure
comprised of spherical particles as shown in Fig. 4b. The
synthesized PPy/SiC is composed of cloud shaped structures
and PPy is associated with SiC nanoparticles exhibits a very
dense and compact structure as shown in Fig. 4c. In the case of
PPy/SiC/DBSA, the nanocomposite consisting of SiC nano-
particles bind to the surface of PPy polymer and their shape
changed due to introduction of DBSA. PPy/SiC/DBSA shows
a smooth and spherical shapedmorphology as shown in Fig. 4d.
The SiC nanoparticles are well dispersed in the
Fig. 3 Thermograms of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA.
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nanocomposites. In PPy/SiC/DBSA, no free SiC nanoparticles
were observed which indicates that SiC nanoparticles in pres-
ence of DBSA have a nucleating eﬀect on the pyrrole polymeri-
zation and caused a homogeneous PPy shell around them. The
presence of DBSA and SiC in this nanocomposite were
conrmed by EDX analysis. FE-SEM study indicates the clear
morphological transformations from PPy to PPy/SiC/DBSA
nanocomposites.
3.5 Transmission electron micrograph studies
TEM image of PPy/SiC (Fig. 5a) shows the SiC nanoparticles
(black colored spots) encapsulated within PPy matrix (grey
background). TEM image of PPy/SiC/DBSA (Fig. 5b) also shows
the SiC nanoparticles (black colored spots) encapsulated within
PPy matrix (grey background). The TEM of PPy/SiC/DBSA shows
that the SiC nanoparticles are more uniformly distributed
within the PPy matrix and hence better encapsulated within the
PPy matrix as compared to PPy/SiC. Such uniform dispersion of
SiC over PPy could be attributed to the attractive electrostatic
interactions between the anionic DBSA and polycationic PPy
matrix. The similar observation of enhanced dispersion of Ag
over PPy surfaces was attributed to the electrostatic attraction
between the polycationic PPy and the anionic sodium dodecyl
sulfate modied Ag nanoparticles by Ritwik et al.29 This study
provides clear evidence that the SiC nanoparticles are encap-
sulated by PPy matrix in both the nanocomposites.
4. Electrical conductivity
The DC electrical conductivity (Fig. 6), aer loading with silicon
carbide nanoparticles, showed an increase from 0.036 S cm1 to
0.743 S cm1. In PPy/SiC the observed electrical conductivity is
higher than in PPy because of the introduction of nanoparticles
that are believed to act as more eﬃcient network for charge
transport resulting in to the increase in the electrical conduc-
tivity. p-type PPy and n-type SiC interaction causes enhance the
electrical conductivity. With the addition of dodecylbenzene
sulfonic acid (DBSA) in PPy/SiC, a great increase in electrical
conductivity was observed as it maximizes the charge-carrier
density.30–32
Fig. 4 FE-SEM images of: (a) PPy, (b) as received SiC (c) PPy/SiC and (d) PPy/SiC/DBSA with EDX spectra (c and d).
Fig. 5 TEM images and selected area diﬀraction pattern (SAED) of: (a)
PPy/SiC (b) PPy/SiC/DBSA.
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4.1 Isothermal stability studies
Under isothermal ageing conditions, the stability in terms of DC
electrical conductivity retention of PPy, PPy/SiC and PPy/SiC/
DBSA was studied (Fig. 7). The relative electrical conductivity
was plotted against time for each temperature as given in the
eqn (2):
sr,t ¼ st/s0 (2)
where sr,t ¼ relative electrical conductivity at time t, st ¼ elec-
trical conductivity at time t, s0 ¼ electrical conductivity at time
zero.
In order to evaluate the stability in terms of DC electrical
conductivity of these nanocomposites, the relative electrical
conductivity with respect to time at diﬀerent temperatures
for diﬀerent samples was evaluated. The DC conductivity of
the samples (5 readings of each sample were taken at an
interval of 5 min) was measured at the temperatures 50 C, 70
C, 90 C, 110 C and 130 C. Fig. 7 shows the variation in
relative electrical conductivity of PPy and its nanocomposites
with respect to time. The loss in relative DC electrical
conductivity is observed at all the ve temperatures in case of
PPy, therefore, it is considered as unstable towards retention
of DC electrical conductivity at all the 5 temperatures. PPy/
SiC showed very little loss at 50 and 70 C, hence regarded
as showing slightly improved stability towards retention of
DC electrical conductivity at all these temperatures and
unstable at higher temperatures. PPy/SiC/DBSA showed loss
in relative DC electrical conductivity at 130 C only, hence,
considered unstable at this temperature. It was considered as
stable in terms of DC electrical conductivity retention at
lower temperatures. This is due to the presence of DBSA. This
observation is also supported by the TGA studies.
4.2 Stability under cyclic ageing
The cyclic ageing technique within the temperature range of 40
to 150 C was studied for PPy, PPy/SiC and PPy/SiC/DBSA in
order to evaluate the stability in the terms of DC electrical
conductivity (Fig. 8). From the conductivity measurements, it
was observed that the conductivity increased gradually from
rst to h cycle showing a regular trend in all the cases. The
relative electrical conductivity was calculated using the
following equation:
sr ¼ sT/s40 (3)
where, sr is relative electrical conductivity, sT is electrical
conductivity at temperature T (C) and s40 is electrical
conductivity at 40 C.
In cyclic aging condition, the subsequent cycles were also
found to show similar improvement in electrical conductivity
behavior of PPy and nanocomposites. The increase in elec-
trical conductivity from 40 to 150 C may be attributed to: (1)
Fig. 6 Initial DC electrical conductivity of: (a) PPy, (b) PPy/SiC and (c)
PPy/SiC/DBSA at room temperature.
Fig. 7 Relative electrical conductivity of (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA versus time under isothermal ageing conditions.
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the annealing eﬀect during heating/cyclic aging conditions
and (2) elevation of temperature causes an increase in the
number of charge carriers. The relative electrical conductivity
of PPy and PPy/SiC nanocomposites showed good revers-
ibility up to 150 C when cycled in the temperature range
of 40–150 C. The PPy/SiC/DBSA showed good reversibility
up to 90 C and aer that was found to show poor
reversibility.
5. Sensing
5.1 Sensing assembly
The 150 mg each of as prepared PPy and PPy/SiC nano-
composites were grinded and palletized at 70 kN for 20 min by
hydraulic pressure machine. The thickness of each pallet was
found to be 140 mm. A four-in-line probe with a temperature
controller PID-200 (Scientic Equipment, Roorkee, India) was
Fig. 8 Relative electrical conductivity of: (a) PPy, (b) PPy/SiC and (c) PPy/SiC/DBSA under cyclic ageing conditions.
Fig. 9 Experimental assembly for Cl2 sensing by four-in-line probe electrical conductivity measuring instrument.
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used to measure gas sensing properties (Fig. 9). The source of
the voltage used in this system was AC 220 V and current
supplied by the system was DC 9 V. The relative humidity was
about 40% and room temperature was 25 C. All the
measurements were performed in a laboratory fuming
chamber. Cl2 gas was produced by following chemical reaction
in the laboratory.
6HClþ 2KMnO4 þ 2Hþ/
3Cl2 þ 2MnO2 þ 4H2Oþ 2Kþ !H2SO4 3Cl2
Fig. 10–12 show the response change in electrical conduc-
tivity with respect to time on exposure to Cl2 gas followed by
exposure to air. The change in DC electrical conductivity may be
attributed to physico-chemical adsorption of Cl2 gas by the
samples. The experiments were performed on three samples viz.
PPy, PPy/SiC and PPy/SiC/DBSA. Firstly, the samples were
exposed to Cl2 gas for 1 min and then kept in ambient atmo-
sphere for 1 min. When PPy was exposed to Cl2 gas, an abrupt
increase in electrical conductivity was observed as shown in
Fig. 10. When the gas ow was stopped and the sample was
brought in ambient air for 1 min, the electrical conductivity
decreased approximately to its original value. Therefore, PPy
was found to show a very good reversibility. The reason for the
increased electrical conductivity may be attributed to the fact
that interaction of Cl2 gas (electron acceptor) with PPy electrons
leads to generation of polarons and bipolarons in large
numbers which in turn leads to abrupt increase in electrical
conductivity.
In case of PPy/SiC (Fig. 11) and PPy/SiC/DBSA (Fig. 12),
a behavior similar to PPy was observed but the samples did not
show reversibility. The samples aer exposure to Cl2 gas showed
increased conductivity and aer 1 min of exposure to air, the
electrical conductivity decreased and kept on decreasing for 1
hour. Therefore, the pellets of these two samples could not be
subjected to further experiments. From these experiments, it
was concluded that the nanocomposites do not show revers-
ibility. The possible reason for this type of behavior is that the
Cl2 gas could not be easily desorbed from nanocomposites at
room temperature because of its strong adsorption on
nanocomposites. It was also observed that DBSA did not show
any eﬀect on sensing results but it increased only the DC elec-
trical conductivity by its additional doping eﬀect. PPy/SiC and
PPy/SiC/DBSA showed same behavior towards the chlorine
sensing.
5.2 Sensing mechanism
The physical properties like DC electrical conductivity depend
strongly on their doping levels which can easily be changed by
chemical reactions with gas analytes like Cl2 and NO2.33 The
doping level of conducting polymers can be altered by trans-
ferring electrons from or to the analytes which causes changes
in the resistance and work function of the sensing material.
Therefore, adsorption of analytes on conducting polymers
provides a simple technique to detect such analytes.
The change in the electrical conductivity of sensing material
as a function of time was recorded at room temperature and the
results are displayed in Fig. 10–12. As can be seen from the
Fig. 10, the PPy showed increase in the electrical conductivity
upon exposure to Cl2 gas for 1 min. Cl2 gas is an oxidizing agent
(electron acceptor) and can remove electrons from the polymer
chains of conducting polymers like PPy.34 On the other hand,
PPy is a p-type conducting polymer in which majority of charge
Fig. 10 The dynamic response and recovery of Cl2 on PPy. The
sensing experiments were performed on the same pallet.
Fig. 11 The dynamic response and recovery of Cl2 on PPy/SiC. The
sensing experiments were performed on the diﬀerent pallets.
Fig. 12 The dynamic response and recovery of Cl2 on PPy/SiC/DBSA.
The sensing experiments were performed on the diﬀerent pallets.
84206 | RSC Adv., 2016, 6, 84200–84208 This journal is © The Royal Society of Chemistry 2016
RSC Advances Paper
carriers are holes and when oxidizing gas Cl2 interacts with PPy,
it captures more electrons from the polymer chain which results
into the increase of density of charge carriers in PPy as shown in
Fig. 13. This results into the enhancement of electrical
conductivity of sensing material. The same sensing material
was then exposed to air for 1 min and it was found that the
electrical conductivity decreased to the initial value where it was
maintained. The decrease in electrical conductivity was attrib-
uted to desorption of Cl2 gas from the surface of PPy which
results into the decrease in density of charge carriers.
Same results were obtained for PPy/SiC and PPy/SiC/DBSA
nanocomposite. However, in case of PPy/SiC nanocomposites,
when the pellet was exposed to air for 1 min, the electrical
conductivity decreased to the initial value in 1 min but could
not be maintained as it kept decreasing for about 1 hour. Aer
return to its initial electrical conductivity on exposure to air, the
further decrease in electrical conductivity may be attributed
some interaction of Cl2 with SiC in case of PPy/SiC and PPy/SiC/
DBSA also. These pellets could not be used again in reproduc-
ibility experiment.
6. Conclusion
PPy and PPy/SiC nanocomposites have been synthesized by in
situ polymerization and characterized by diﬀerent techniques
which revealed the formation of the PPy, PPy/SiC and PPy/SiC/
DBSA nanocomposites. The PPy/SiC/DBSA showed highest DC
electrical conductivity among PPy and PPy/SiC due to the high
mobility of charge carriers. The PPy/SiC nanocomposites,
studied under isothermal and cyclic aging conditions, showed
more thermal stability than PPy. PPy showed the highest
sensitivity and reproducibility towards the Cl2 gas at room
temperature. PPy/SiC and PPy/SiC/DBSA showed good sensi-
tivity towards the Cl2 gas but could not show reproducibility.
This powerful platform could be used as sensitive Cl2 gas
sensors in the future.
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ABSTRACT 
            
Conducting polymer composites are the future materials for emerging technologies as 
they possess a combination of unique properties of their constituents. The properties 
become more interesting when one of the components is in the nanorange. Due to the 
synergistic effect of the polymer and the nanofillers, the resulting materials are expected 
to display desirable properties with enhanced performance. 
 One of the most promising nanocomposites system would be hybrids based on 
organic polymer such as polypyrrole and nanoparticles such as TiO2, BN, Ag, SiC and 
ZrO2. These nanostructured particles combined with polypyrrole can give rise a variety 
of polymer nanocomposites of interesting properties such as physical, chemical, 
electrical, electrochemical and so on and thus may become the potential materials for 
newer and novel applications. Sufficient literature review has been done on the 
important aspects of these materials to get the idea of the work done in the field and 
formulate the plan work of this thesis. 
 
 In this context, the thesis entitled “Studies on Conducting Composites of 
Polypyrrole with Inorganic Nanoparticles” is conducted to explore spectroscopic 
characterization, DC electrical conductivity, electrochemical studies, LCR and sensing. 
The research work described in the thesis is divided into seven chapters.  
 Polymers are generally good insulators. Research and development have 
demonstrated the possibility of obtaining polymers with almost all properties of metals, 
such as toughness, elasticity, frictional resistance and mechanical strength. However, 
polymers have so far remained unsuccessful in replacing metals in electrical and 
electronic applications. Therefore, an explosive research and development effort was 
carried out on synthesis, characterization, properties and applications of conducting 
polymers during last few decades.  
 Sustained research on polypyrrole (PPy) and their nanocomposites has 
enthralled the work interest due to its surprising acid doping chemistry especially when 
combined either with metallic oxides or ceramic materials. This synergistic 
combination greatly improves the performance of as-prepared nanocomposites. As a 
consequence, such PPy nanocomposites can widely be employed in various 
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applications. To date, various preparation methods have been developed to synthesize 
nanoparticles loaded PPy nanocomposites such as: in-situ chemical oxidative 
polymerization, in-situ electropolymerization, interfacial polymerization, solution 
mixing, self-assembly and so on.  
In fact, the properties of PPy and their nanocomposites are highly governed by their 
preparation method and thus morphologies. In addition, non-stop progress has been 
made on the understanding of the mechanisms of electronic conduction and various 
theories have been proposed so far. Step-wise mechanistic understanding of pyrrole 
polymerization has also great enthusiasm but the major drawback is the lack of 
experimental confirmation. It is still a challenge to develop new methods to realize the 
mechanisms. Thus, this chapter describes scope of the present work giving insights 
about polypyrrole nanocomposites. 
  
 Binary doped polypyrrole (PPy) encapsulated Titania (TiO2) nanoparticles were 
prepared by oxidative polymerization using FeCl3 as oxidant in presence of 
camphorsulfonic acid (CSA) as surfactant. Both, FeCl3 (oxidant) and camphorsulfonic 
acid (surfactant) also act as dopant and hence thus prepared TiO2@PPy is termed as 
binary doped nanocomposite i.e. FeCl3 dopes polypyrrole by oxidation mechanism 
while camphorsulfonic acid dopes polypyrrole by protonic doping mechanism. The 
TiO2@PPy coreshell nanocomposites were characterized by Fourier transform infra-
red spectroscopy, x-ray diffraction, thermogravimety, differential scanning 
calorimetry, field emission scanning electron microscopy and inductance-capacitance-
resistance (LCR) measurements. The results indicated that the structural and electrical 
properties of the TiO2@PPy coreshell nanocomposites were significantly influenced by 
the extent of TiO2 nanoparticles loading of polypyrrole. The DC electrical conductivity 
of the as-prepared TiO2@PPy coreshell nanocomposites was higher than that of PPy. 
As-prepared TiO2@PPy coreshell nanocomposites were also studied for their dielectric 
losses for alternating current (AC) which is useful characteristic for their application in 
the fabrication of charge storing devices. TiO2@PPy coreshell nanocomposites showed 
synergistic effect of combining components in improving their alcohol sensing 
properties. This improvement may be attributed to the adsorption on and desorption 
from alcohols TiO2@PPy interface of the nanocomposites and alcohol vapors causing 
decrease in depletion region. The TiO2@PPy coreshell nanocomposites were observed 
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to show better reproducibility of electrical conductivity and fast self-recovery during 
the alcohol vapor sensing process.  
Binary doped PPy and PPy/BN nanocomposite have been synthesized by chemical 
oxidative in situ polymerization method by using FeCl3 as an oxidant in presence of 
camphorsulfonic acid (CSA). PPy/BN nanocomposite has also been synthesized by 
chemical oxidative in situ polymerization method by using FeCl3 as an oxidant. The 
PPy/FeCl3/CSA, PPy/BN/FeCl3 and PPy/BN/FeCl3/CSA were characterized using 
Fourier transform infrared spectroscopy, x-ray diffraction, thermogravimetric analysis 
and field emission scanning electron microscopy. On the basis of these results, the well-
organized structural nanocomposites were successfully prepared owing to the specific 
interactions between the PPy and the BN nanosheets. Results indicated that the 
morphology and electrical properties of the nanocomposites were significantly 
influenced by the BN nanosheets loading and CSA. Transformation of non-conducting 
PPy/BN/FeCl3 into conducting PPy/BN/FeCl3/CSA was also observed. Addition of 
CSA caused significant increment in electrical conductivity due to binary doping of 
nanocomposites. The as-prepared PPy/FeCl3/CSA and PPy/BN/FeCl3/CSA 
nanocomposites were studied for the change in their electrical conductivity on exposure 
to liquefied petroleum gas (LPG) and ambient air at room temperature with the possible 
use as sensor for detection of LPG leaks. 
 
 A nanocomposite of boron nitride (BN) and silver nanoparticles (Ag) 
enwrapped by polypyrrole (PPy) has been synthesized for first time via in situ chemical 
oxidative polymerization of pyrrole using ferric chloride. The structures of synthesized 
FeCl3 doped PPy, BN/Ag and PPy/Ag@BN nanocomposites were confirmed by fourier 
transform infrared spectroscopy, x-ray diffraction, thermogravimetric analysis, field 
emission scanning electron microscopy and transmittance electron microscopy 
technique. Our investigations showed that the electrical response of PPy/Ag@BN 
nanocomposite which contains a conductor (Ag), an insulator (BN) and a 
semiconductor (PPy), was greater than that of polypyrrole. The electrochemical 
supercapacitive performance shows that FeCl3 doped PPy has higher capacitance than 
PPy/Ag@BN which might be due to higher conductivity of PPy as PPy/Ag@BN shows 
poor conductivity due to the insulating nature of BN. The newly synthesized 
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nanocomposite showed rapid CO2 sensing and significantly improved DC electrical 
conductivity. 
 
 Polypyrrole (PPy), polypyrrole/silicon carbide  (PPy/SiC) and 
PPy/SiC/dodecylbenzenesulfonic acid (DBSA) nanocomposites synthesized 
successfully by in-situ chemical polymerization method and their application as sensor 
for detection of highly toxic chlorine gas. The as prepared PPy, PPy/SiC and 
PPy/SiC/DBSA nanocomposites were confirmed by fourier transform infrared 
spectroscopy, thermogravimetric analysis, x-ray diffraction and field emission electron 
microscopy. PPy/SiC/DBSA nanocomposite was found to possess higher DC (direct 
current) electrical conductivity as compared to that of PPy and PPy/SiC. Sensing 
response was determined on the basis of change in DC electrical conductivity. Response 
of PPy and both the nanocomposites, was found to be highly sensitive and reversible to 
chlorine gas. This study seems to be promising as an effective approach towards the 
sensing technology for the detection of chlorine gas. 
 Polypyrrole (PPy) and polypyrrole/zirconia (PPy/ZrO2) nanocomposites 
synthesized successfully by in-situ chemical polymerization method and their 
application as sensor for detection of ethylene gas for the first time. The as prepared 
PPy and PPy/ZrO2 nanocomposites were characterized by fourier transform infrared 
spectroscopy, thermogravimetric analysis, x-ray diffraction and scanning electron 
microscopy. PPy/ZrO2-2 nanocomposite was found to possess higher DC (direct 
current) electrical conductivity as compared to that of PPy and other PPy/ZrO2 
nanocomposites. Sensing response was calculated on the basis of change in DC 
electrical conductivity. PPy/ZrO2-2 nanocomposite was found to be highly sensitive 
and reversible to ethylene gas. This study seems to be promising and an effective 
approach towards the future sensing technology for the detection of ethylene gas. 
 
